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Implant treatment is currently overriding other prosthetic solutions especially in 
the case of replacing anterior teeth in the aesthetic zone.  Zirconia ceramics exhibit 
promising aesthetic, periointegration and antibacterial properties that may overcome 
critical drawbacks associated with titanium based dental implants.  They also possess 
distinctive mechanical properties due to the unique transformation toughening 
mechanism.  However, the effects of low-temperature degradation (LTD) or ageing on 
the durability of the material is of a major concern.  Additionally, the currently 
available one-piece and two-piece zirconia dental implant designs exhibit sub-standard 
performance.  
This study aimed to investigate ageing, mechanical properties and biofunctional 
characteristics of a new implant system with a novel biomechanical design.  The 
proposed design utilises a relatively low-strength glass fibre composite abutment 
bonded with resin cement to an injection-moulded, soft tissue level, acid-etched 
zirconia implant. 
Hydrothermal treatment was used to simulate in vivo ageing. A battery of 
complimentary crystallographic and imaging studies was used to characterise 
hydrothermally- and stress-induced phase transformation.  Additionally, the effect of 
ageing on basic mechanical properties of standard samples was investigated at the 
macro-, micro- and nano-scales.  Dynamic fatigue was performed in order to determine 
durability and reliability of various components and interfaces of the design under 
simulated clinical conditions.  The acid-etched zirconia surface (MDS) was compared 
to a high-performance, mechanically and chemically modified titanium surface in 
terms of; surface topography, biocompatibility and cell biofunctional response. 
The results of this study indicated that hydrothermal ageing resulted in phase 
transformation that was localised to the surface of the material without any 
involvement of the bulk.  No evidence of extensive cracking was detected as a result of 
the used ageing conditions.  The aged samples exhibited static mechanical properties 
that were not significantly different from the control group apart from marginal 
decreases in surface hardness.  The implant samples restored with two different crown 
materials did not exhibit any premature failures.  The engineered weak connection 
seemed to favour retrievable failures especially when low strength crown material was 
  
IV 
used to restore the implants.  The studied MDS zirconia surface exhibited moderate 
surface roughness and high biocompatibility when tested with human osteoblast-like 
cells and human gingival fibroblasts.  Cell attachment and bone formation capacity of 
cells were similar or marginally higher in cells cultured on MDS surface when 
compared to titanium (SLActive-like) counterpart. 
Within the limitations of this study, it can be concluded that the studied zirconia 
material was not drastically affected by hydrothermal ageing and thereby, in vivo LTD 
may be not of a concern whilst using such material.  The current implant design may 
withstand long-term functional forces in the anterior region of the oral cavity.  The 
MDS surface may reduce the time required for bone and soft tissue healing which is 
essential for clinical cases require immediate provisionalisation and/or early loading.  
Soft tissue remodelling may be of a less concern owing to the high soft tissue 
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Despite the significant improvement of oral health, quality and accessibility of 
health care services,  according to the Adult Dental Health Survey, in 2009; the 
average number of lost teeth among the dentate population in the UK was reported to 
be as high as six teeth (Steele et al., 2012).  If left untreated, tooth loss may 
compromise the individual’s oral function and ability to socialise.  Traditionally, 
removable and fixed partial dentures were the treatment of choice to replace missing 
teeth.  However, such prostheses have a high biological cost and long-term 
complications.  Replacing missing teeth with osseointegrated dental implants can be 
regarded as the most significant breakthrough in the dental profession (Depprich et al., 
2012).  Implant dentistry began more than four decades ago when the first dental 
implant was placed by Brånemark (Brånemark et al., 1977, Albrektsson, 1988).   
Dental implantology is the art and science of studying surgical placement and 
restoration of dental implants.  Endosseous dental implants can be defined as 
“prosthetic devices made of alloplastic materials implanted into the oral tissues 
beneath the mucosal, periosteal layer and within the bone to provide retention and 
support for a fixed or removable dental prosthesis or as substances that are placed 
into the jaw bone to support a fixed or removable dental prosthesis” (The Academy of 
Prosthodontics, 2005).   
Dental implants have revolutionised the rehabilitation and restoration of oral 
health in patients suffering from complete or partial edentulism.  Commercially pure 
titanium (cpTi) has been and is still, the gold standard material for such implants 
owing to its’ excellent biological, physical and mechanical properties (Albrektsson, 
1988, Adell, 1990, Taborelli et al., 1997, Niinomi, 1998, González, 1999, Akagawa 
and Abe, 2003, Abrahamsson and Cardaropoli, 2007).  The outstanding long-term 
serviceability of this material has been proven by high quality experimental and 
clinical research that is well documented in the dental literature (Albrektsson, 1988, 
Jemt and Johansson, 2006, Simonis et al., 2010).  A plethora of changes involving; 
design features, surface treatments and placement techniques of dental implants have 
evolved in an attempt to improve the outcome of this treatment modality.  However, 
these changes spared to a large extent, materials from which implants are made. 
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1.1 Development of alternative implant materials: factors 
driving this trend 
Titanium implants have a long traceable record of predictable clinical 
performance with a cumulative success rate of 98.8% for 15 years (Lindquist et al., 
1996).  Only recently, there has been a move toward seeking alternatives to cpTi.  
Such a trend has been driven by several interplaying factors that were summarised by 
Andreiotelli et al. (2009) into four groups:  
1.1.1 Aesthetic challenges with cpTi 
The tremendous increase in patient’s demands and expectations from dental 
implant treatment has made clinicians not only interested in the osseointegration and 
survival of implants, but also concerned with the aesthetic outcome of this treatment 
(Heydecke, 1999, Meijer et al., 2005, Zembic et al., 2009).  Implant dentists are also 
under extraordinary pressure from their patients to speed up the process of implant 
treatment as patients find it difficult to cope with provisional restorations, especially 
when it comes to replacing missing teeth within the aesthetic zone.  Therefore, more 
dentists are now considering the use of advanced clinical techniques such as; 
immediate implant placement and loading via provision of a prosthetic supra-structure.   
These advances, however, come at the expense of aesthetic complications as it 
has been found that post-extractive placement using titanium dental implants can be 
associated with aesthetic compromise such as wound dehiscence and mid-facial 
recession (Esposito et al., 2010).  There is strong evidence suggesting that it is possible 
to successfully load dental implants immediately or early after their placement in 
selected patients, although it has been suggested that not all clinicians may achieve 
optimal results.  Trends suggest that immediately loaded implants fail more often than 
those conventionally loaded counterparts (Esposito et al., 2009).  
There have been significant concerns as far as stability and longevity of soft 
tissue aesthetics, synonymously called ‘pink’ aesthetics, and subsequently patient 
satisfaction.  This type of failure is usually encountered with immediately placed and 
restored dental implants.  Ironically, this aspect has been found to be underexposed in 
the dental literature (Den Hartog et al., 2008, Lang et al., 2012).  The aesthetic 
complications of immediate replacement techniques are more evident in patients with 
thin gingival biotype who are more prone to recession.  In such patients, mid-facial 
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recession causes greyish shimmering through the mucosa which jeopardises the 
aesthetic outcome and patient’ satisfaction (Ugo Covani, 2004, Cosyn et al., 2008, Den 
Hartog et al., 2008).  Figure 1 shows a commonly encountered aesthetic failure 
following immediate implant placement in the aesthetic zone.  In fact, it has been 
shown in a recent clinical trial that more than 30% of patients who received single 
immediate implant treatment needed further surgical procedure namely, connective 
tissue grafting, after 12 months of placement due to major alveolar process 
remodelling and advanced midfacial recession (Cosyn et al., 2012).  It is worthwhile to 
remark that implants were placed using flapless surgery and only patients with thick 
gingival biotype and intact labial bone plate after extraction were included in this 
study.  
The correction of the aforementioned aesthetic complication is possible through 
using different grafting procedures (Schneider et al., 2011).  However, there is only 
limited, weak evidence in the dental literature suggesting that augmentation at implant 
sites with soft tissue grafts is effective in increasing soft tissue thickness improving 
aesthetics.  Furthermore, there are a limited number of randomised controlled studies 
showing that surgeries used to increase the height of keratinised mucosa using 
autografts or an animal-derived collagen matrix were able to achieve their goal. These 
studies also revealed that the above intervention came at the price of a worsened 
Figure 1. Aesthetic complications with immediately placed cpTi dental implant. 
Mid-facial, peri-implant soft tissue recession around immediately placed and 
provisionalised cpTi dental implant in the area of upper right central incisor. 
Cervical margin of the crown and 2-3 mm of implant head were exposed creating 
significant aesthetic concern for the patient 18 months after implant placement.  
Used with permission from Dr. Howard Gluckman. 
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aesthetic outcome not to mention the potentially serious complications and donor site 
morbidity following autograft harvesting (Esposito et al., 2012).   
1.1.2 Health related issues with cpTi 
Unfortunately, it is no longer the case that titanium is considered as a completely 
bioinert material. In contrast, titanium is thought to be the ‘New Allergen’ as 
demonstrated by several reports and studies.  Several authors reported increased 
prevalence of oral allergies to metals, including inert materials like gold and titanium.  
This was particularly evident in patients with a history of allergy to other, less noble 
metals.  They also maintained that titanium oral implants can induce toxicity or type I 
or IV allergic reactions which may account for unexplained failures of dental implants 
in some patients (Evrard et al., 2010).  A histological study on retrieved titanium hip 
implants showed a quite strong inflammatory response to these implants and was 
regarded as a contributing factor for failure (Lalor, 1991).  In addition, Sicilia et al. 
(2008) reported a 0.6% prevalence of allergy to titanium in patients who received 
dental implants and recommended allergy tests in some cases (Sicilia et al., 2008). 
Significant concerns have been raised recently regarding allergies and 
sensitisation to titanium particles released due to corrosion and wear (Koutayas et al., 
2009).  High concentrations of titanium ions were detected locally i.e., bone in the 
vicinity of implants and systemically as in regional lymph nodes , internal organs , 
serum and urine which is potentially hazardous to human body (Black et al., 1990, 
Kazuhisa and Iizuka, 1993, Onodera et al., 1993, Jorgenson et al., 1997, Jacobs et al., 
1998).  Despite the aforementioned findings, the significance of these concerns is not 
clear in light of huge amount of reports that proved safety of cpTi for oral use. 
Furthermore, testing patients for titanium allergy on regular basis still cannot be easily 
justified (Wenz et al., 2008). 
1.1.3 Metal-free prosthetic reconstructions 
The steadily growing concerns about the aesthetics and potential health problems 
associated with metal alloys resulted in an increased number of metal-phobic dental 
patients (Bågedahl-Strindlund et al., 1997, Andreiotelli et al., 2009).  This has been 
substantiated by the constantly emerging reports correlating systemic diseases and 
genetic mutations to ion release from metallic restorations (Angela et al., 2008, 
Geier et al., 2011).  Nowadays, it is a routine situation that clinicians face in dental 
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practice, where patients are reluctant to receive metallic prostheses and demanding for 
metal-free alternatives. This in turn, directed large attention toward developing and 
studying alternative ceramic implant materials. 
1.1.4 Breakthroughs in bioceramic’ development 
Advances in biomaterials sciences allowed the production of high strength and 
biocompatible implantable ceramic materials.  The extensive number of zirconia based 
ceramics is the best example on such achievement in this field.  The enormous 
progress in the field of ceramic manufacturing technologies enabled the production of 
high precision biomedical implants.  The introduction of Powder or Ceramic Injection 
Moulding (PIM, CIM) and Hot Isostatic Pressing (HIP) techniques were the hallmarks 
of this development (Andreiotelli et al., 2009, Park et al., 2012a).  Collectively, these 
two factors played an important role in the growing popularity of zirconia as a 
bioceramic, dental implant material (Vagkopoulou et al, 2009).   
1.2 Ceramics in dental implantology 
Bioceramics is a term that refers to medical grade ceramic materials that can be 
used as implantable devices in the human body.  The last half century witnessed 
unsurpassed progress in the field of development and innovation of ceramic implants.  
The large number of patents and research publications proposing or investigating such 
bioceramics is a strong indication on the substantial increase of interest and 
achievements in this field.  Ceramic implants for total hip arthroplasty procedures and 
ceramic oral implants are major examples on the outcome of such progress.  
Bioceramics vary in their chemical composition and microstructure. Poly-crystalline, 
ceramic oxide, glass, glass ceramic and ceramic composite are all examples of 
materials that can be used to manufacture bioinert or bioactive ceramic implantable 
devices (Best et al., 2008). 
Ceramic endosseous implants have been advocated, investigated and used since 
the late 1960’s. Mono- and poly-crystalline aluminium oxide were amongst the first 
















 are examples of commercially-available ceramic alumina based implants.  
However, such systems are currently obsolete owing to their low flexural strength and 
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fracture toughness particularly the mono-crystalline form.  Ironically, implant fracture 
was among the rarest cause of implant loss in clinical studies investigated the 
performance of these implants (Kawahara et al., 1980, Andreiotelli et al., 2009). 
To date, zirconia is by far the most widely used and investigated ceramic as an 
alternative implant material.  Zirconia based dental ceramics have been subjected to 
thorough investigations for use as alternative material for; orthopaedic implants, fixed 
dental prostheses and abutments for dental implants (Piconi and Maccauro, 1999, 
Andersson, 2003, Paolo Francesco Manicone, 2007).  The large amount of interest in 
zirconia is not only attributed to high strength and biocompatibility in comparison to 
alumina, but also due to the its potential to outperform cpTi in terms of aesthetic 
properties, soft tissue response and antibacterial characteristics.   
1.2.1 Zirconia based dental ceramics 
1.2.1.1 Zirconium as mineral and zirconium oxide (zirconia)  
Zirconium is a transition metal located in IVB group and period number 4 in the 
periodic table.  The atomic number of zirconia is 40, its’ atomic weight is 91.22 g/mol 
and its’ density is 6.49 g/cm
3
.  Zirconium melting temperature is 1,855 
◦
C and it 
transforms to gaseous state at 4,409 
◦
C.  It has five naturally occurring and 28 artificial 
isotopes which have half-lives that greatly vary between nano-seconds and hundreds of 
years (Rall, 1947).  
Some authors referred the origin of the word zircon to the Persian word ‘Zargun’ 
which means golden in colour. Ancient Indian tales, Roman historian and some 
biblical writings have also mentioned naturally occurring gems containing zirconium 
(Christie and Brathwaite, 1999).  Pure zirconium is found in either amorphous or 
crystalline forms.  The former is blue-black powder in which atoms are not 
symmetrically arranged within the metal lattice in contrast to the latter, which exists as 
a white powder where the atoms assume symmetrical arrangement (Christie and 
Brathwaite, 1999). 
Zirconium dioxide (ZrO2) (alternatively called zirconia) was discovered in 1789 
upon heating Jargon (old gemstone) by the German chemist, Martin Henrich Klaproth.  
The Swedish chemist, Jöns Jakob Berzelius isolated the impure metallic form of 
zirconium in 1824 using heat treatment with a mixture of potassium and potassium 
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zirconium fluoride in an iron tube (Christie and Brathwaite, 1999).  Herzfield (1916) 
managed to isolate the pure zirconium dioxide using a high concentration of 
hydrochloric acid to convert zirconium silicate to zirconium oxychloride octahydrate 
(Herzfield, 1916).  In 1925, van Arkel and de Boer used iodide decomposition to 
prepare hafnium zirconium which is considered as pure zirconium due to the difficulty 
of separating the two metals from each other (Heiserman, 1991). 
Zirconia assumes three structurally different crystalline phases; the first one is 
the monoclinic phase, in which the zirconium and oxygen atoms are arranged in a 
deformed prism with parallelepiped sides, the second one is the tetragonal phase, in 
which atoms assume straight prism with rectangular sides and the third one is the cubic 
phase, where the atoms are arranged in the form of straight prisms and square sides 
(Pittayachawan, 2008).  At room temperature, the stable phase is the monoclinic that 
remains so until 1170 ºC, after which the tetragonal phase becomes stabilised up to 
2,370 °C.  Above that temperature, cubic phase is predominantly stabilised till the 
melting point is reached (Scott, 1975). 
Among the three phases, tetragonal is the preferred one in terms of structural and 
mechanical properties and ability to be machined in the clinical environment 
(Gupta et al., 1977).  Addition of dopants like 3% yttrium oxide (Y2O3) made 
stabilising this phase at room temperature possible (Hellmann and Stubican, 1983a).  
However, yttria partially stabilised tetragonal zirconia polycrystals (Y-TZP) is a 
metastable compound, i.e. it may undergo phase transformation when subjected to 
certain stimuli. In essence, this describes the basis of the unique toughening 
mechanism of partially stabilised zirconia compounds which is called transformation 
toughening. 
When subjected to heat, cracks, grinding, or sandblasting, the apparently stable 
Y-TZP undergoes transformation to the monoclinic phase.  This process is 
accompanied by 3-5% volume expansion of the crystals which induces compressive 
stresses within the crystalline lattice that act as crack stoppers.  This transformation is 
said to be martensitic i.e. doesn’t affect dimensional stability of the material.  It is 
proved to have a major contribution to the outstanding mechanical properties of the so-
called ‘Ceramic Steel’ (Garvie et al., 1975).   
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1.2.1.2 Zirconia as a bioceramic in dental implantology 
The high strength and exceptional biocompatibility qualified zirconia to be one 
of the leading biomaterials or bioceramics.  The earliest work describing the first 
biomedical application of zirconia as a surgical implant was in 1969 by Helmer and 
Driskell (Helmer and Driskell, 1969).  In dentistry, zirconia was first used for 
endodontic posts or high strength extra-coronal, crown and bridge restorations.  Later 
on, implant dentistry witnessed a surge in the use of zirconia as a transmucosal 
abutment material.  This has been a direct result of the introduction and notable 
progress in computer assisted design and computer assisted manufacturing 
(CAD-CAM) technology.   
Functional parameters are no longer the sole determinants of implant success.  
Great attention has been drawn to the aesthetic outcome of such treatment modality as 
aesthetics may be the chief and only patient’ complaint (Chang et al., 1999).  The 
introduction of zirconia abutments offered improved mechanical properties, 
biocompatibility and radiopacity in comparison to alumina counterparts (Koutayas et 
al., 2009).  Additionally, Rimondini et al. (2002) concluded that zirconia surfaces 
accumulated significantly less bacteria when compared to titanium counterparts 
(Rimondini et al., 2002).  This in vivo finding has been confirmed by a human study 
conducted by Scarano et al. (2004) who utilised titanium and zirconia discs placed in 
the oral cavity for 24 hours (Scarano et al., 2004).  Furthermore, peri-implant soft 
tissues’ response and health was found to be optimum around zirconia abutments 
(Brodbeck, 2003).  Moreover, zirconia and titanium abutments have been clinically 
assessed by van Brakel et al. (2011) who found that there was no significant difference 
between the two groups.  However, zirconia abutments were associated with shallower 
sulcus depths after three months in this study (Van Brakel et al., 2011).  
The fracture resistance and marginal fit of prefabricated and custom made 
zirconia abutments have been investigated by a number of in vitro and clinical studies. 
In their chewing simulation study, Butz et al. (2005) compared fracture strength of 
titanium reinforced zirconia, alumina and titanium abutments. Zirconia abutments 
showed fracture resistance similar to titanium controls and significantly higher than the 
alumina group.  No screw loosening or detectable cracks could be found in the zirconia 
group after chewing simulation (Butz et al., 2005).  These findings were confirmed by 
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Gehrke et al. (2006) who concluded that zirconia abutments exceeded the established 
values for maximum incisal bite forces reported in the literature and maintained a tight 
fit inside titanium fixtures after five million chewing cycles (Gehrke et al., 2006).  
Marginal adaptation of all-zirconia abutments and zirconia abutments with titanium 
inserts was found to be clinically adequate (Brodbeck, 2003). 
CAD-CAM technology enabled manufacturing of custom-made all ceramic 
abutments and offered improved aesthetics and soft tissue integration (Koutayas et al., 
2009).  Marginal adaptation and fracture strength of CAD-CAM processed abutments 
was found to satisfy clinical requirements (Canullo, 2006, Gehrke et al., 2006).  These 
virtually designed zirconia abutments are individually customised to accurately follow 
gingival contours.  The finish line is placed just below the zenith of the peri-implant 
soft tissue for optimum final crown aesthetics (Figure 2).  
Outstanding performance of zirconia abutments has been demonstrated in a 
clinical study (Glauser et al., 2004).  A 100% four-year survival rate was reported by 
the authors.  It is noteworthy that 70% of abutments studied, were used in implants that 
restored missing anterior teeth.  Linkevicius & Apse (2008) systematically reviewed 
studies investigated zirconia abutments and only found two clinical trials that satisfied 
their inclusion criteria.  They concluded that titanium abutments did not maintain 
higher bone levels when compared to zirconia counterparts (Linkevicius et al., 2008).  
One year later, Zembic et al. (2009) published results of their randomised controlled 
trial in which 18 zirconia and 10 titanium abutments were used to restore implants in 
canine and posterior regions.  Results showed 100% survival rate when abutments 
Figure 2. Custom designed and manufactured zirconia abutments. 
Left, 3D CAD of a zirconia abutment to restore implant replacing upper right 
central incisor.  Right, zirconia abutment fitted in situ with optimum margins 
following prei-implant soft tissue contours.  Jum’ah et al., (2011). 
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were followed up to a mean period of 3 years.  This trial also showed no difference in 
the biological outcome between the two groups in terms of probing depth, plaque 
index and bleeding on probing (Zembic et al., 2009).  
Nothdurft and Pospiech (2010) studied the performance of zirconia abutments for 
posterior single tooth replacement and found no mechanical or biological signs of 
failure associated with any reconstruction followed up to six months (Nothdurft and 
Pospiech, 2010).  From an aesthetic point of view, zirconia abutments can be 
advantageous in many ways (Yildirim et al., 2000).  Frank exposure of the white 
zirconia abutment as a result of recession is far from perceivable by patient.  
Moreover, zirconia was found to be associated with less discoloration of 1.5 mm thick 
soft tissue when compared to titanium as reported in an animal study (Jung et al., 
2007).  Bressan et al. (2011) confirmed these results in their multicentre prospective 
clinical study (Bressan et al., 2011).  However, care should be taken regarding these 
claims in light of the clinical trial by Zembic et al. (2009) who assessed colour changes 
by means of spectrophotometry.  The authors found that both zirconia and titanium 
abutments induced similar visible colour changes in peri-implant soft tissues (Zembic 
et al., 2009). 
A hybrid implant design where the fixture was made of cpTi with a zirconia soft 
tissue collar or transmucosal part was introduced by a French dental implant 
manufacturer (TBR Group, France).  In the clinical trial by Bianchi et al. (2004), it was 
found that this hybrid implant system performed better than titanium controls in terms 
of probing depth, bleeding on probing and plaque index.  Also, rapid stabilisation of 
peri-implant tissues was documented in the first year and survival rate after two years 
was 100% (Bianchi et al., 2004).  However, this clinical trial seems to be at a high risk 
of bias as there was not enough information about randomisation and allocation 
concealment, a small sample size and no information about assessors’ blinding.  
Additionally, the risk of delamination of the zirconia collar may be an issue with such 
design upon the long-term use.  
Two case reports were published about using laser acquisition techniques to scan 
extracted roots and mill truly anatomic, root-analogue zirconia implants using CAM 
technology to replace extracted teeth (Figure 3).  The authors claimed good 
performance of these implants after 30 months.  They also alleged potential benefits of 
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being atraumatic and the fact that this procedure negates the need for bone and soft 
tissue augmentation surgeries (Pirker and Kocher, 2008, Pirker et al., 2011).  However, 
the presence of bone defects due to previous infections may be the major challenge to 
this approach.  Thus; careful case selection should be warranted.  In addition, damage 
of unsupported thin labial bone plate during insertion of the implant may be an 
inevitable sequel that may undermine the treatment outcome. 
One-piece and to a lesser extent, two-piece zirconia implants have emerged as 
viable alternatives to titanium counterparts in the last two decades.  The number of 
clinical studies that investigated the survival of zirconia implants is considerably less 
than in vitro counterparts.  In addition, it is not surprising that quality of these studies 
is not as high as those available for titanium dental implants.  This is attributed to the 
short follow-up period and/or small sample size rendering the evidence supporting the 
use of zirconia dental implants inconclusive.  Table 1 shows the most popular 
commercially-available zirconia dental implants systems and their manufacturers. 
  
Figure 3. Anatomical zirconia dental implants. 
Top left, X-ray showing non-restorable upper right second premolar tooth.  Top 
right, tooth was atrumatically extracted and scanned to produce a zirconia 
replica.  Bottom left and right, clinical and radiographic appearance of the 
placed implant. Reused with permission (Pirker and Kocher, 2008). License 
Numbers for re-use permission: 3592490908779. 
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Table 1. Commercially available zirconia dental implant systems. 
System Manufacturer 
WhiteSKY® ceramic implants Bredent Medical, Germany 
CeraRoot® Dental Implant System Oral Iceberg S.L, Spain 
Zeramex-T Zermax, Germany 
Zirkolith® & Z-Look ® Evo Zirconia Implant Z-Systems Switzerland 
Curavx® Maxon Motor Dental, Germany 
The Straumann® PURE Ceramic Implant Straumann , Switzerland 
SDS® Implants Swiss dental solutions AG 
A recent systematic review on different types of dental implants found no 
randomised controlled trials describing implants made or coated with materials other 
than titanium (Esposito et al., 2007).  However, studies providing lower level of 
evidence were reviewed by Andreiotelli et al. (2009) who found three retrospective 
cohort studies on one-piece zirconia dental implants that met the inclusion criteria of 
their systematic review (Andreiotelli et al., 2009).  The first two studies investigated 
189 and 100 zirconia implants and found one year survival rates of 93% and 98%, 
respectively.  Most failed implants did so in the healing phase, in which increased 
mobility was noticed. Only one implant failed after prosthetic reconstruction due to 
implant fracture (Mellinghoff, 2006, Oliva et al., 2007).  Lambrich and Iglhaut (2008) 
observed 127 zirconia and 234 titanium implants for a mean observation period of 
21.4 months. In this study, zirconia implants performed as well as titanium 
counterparts when inserted in mandible (98.4% vs 97.2%). Titanium implants 
preformed significantly better in the maxilla (98.4% vs 84.4%).  All failures were in 
the healing phase due to increased implant mobility (Lambrich and Iglhaut, 2008). 
The final conclusion of the aforementioned systematic review was that scientific 
data from animal and human studies showed that zirconia implants osseointegrate as 
well as titanium. Additionally, zirconia is a promising material in implant dentistry.  
However, these findings should be supported by long-term clinical data before 
recommending zirconia implants as a viable alternative to titanium counterparts 
(Andreiotelli et al., 2009).  These findings have been confirmed recently by 
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Depprich et al. (2012) who found only 17 clinical studies on zirconia implants 
conducted between 2006 and 2011.  Survival rate was between 74–98% after 12–56 
months.  The authors remarked that all of the studies had significant shortcomings and 
thus, well-designed controlled clinical trials are urgently needed (Depprich et al., 
2012). 
Payer et al. (2010) published their results after two years follow-up of 19 
immediately loaded zirconia implants. They reported 95% two-year survival according 
to the clinical and radiographic parameters they examined (Payer et al., 2012).  These 
results are consistent with the data published by Oliva et al. (2010) who followed up 
831 one-piece zirconia implants placed in 371 patients for five years and found a 
survival rate of 95%.  In the latter study, three groups of implants with different 
surface roughness were investigated.  The acid-etched implants were found to be 
superior to the coated and machined ones (Oliva et al., 2010).  
Kohal et al. (2012) found that immediately restored one-piece zirconia implants 
had one–year cumulative survival rate comparable to titanium counterparts.  However, 
they remarked that the incidence of bone loss around zirconia implants was 
considerably higher than that for titanium counterparts at the follow-up.  Thus, the 
studied implants could not  be recommended for clinical use (Kohal et al., 2012).  
These finding were in line with data from a study by Cannizarro et al (2010).  The 
latter authors reported high failure rate due to significant bone resorption in the healing 
phase around one-piece zirconia implants.  Immediately placed and restored implants 
were at an increased risk for such complication (Cannizzaro et al., 2010). 
Two-piece zirconia implants where a zirconia fixture and abutment are rigidly 
connected by metal screw or bonded by resin cement were proposed.  A prototype 
two-piece design was found to be potentially inadequate for clinical use.  The studied 
implants exhibited high rate of implant head fracture (Kohal et al., 2009a).  This can 
be attributed to the large amount of stress that a rigid zirconia abutment can induce on 
the inner surface of an implant.  In contrast, a Swiss dental implant manufacturer 
(Swiss dental solutions AG, Switzerland) claims in their marketing material that 
3.8 mm diameter zirconia implant, zirconia abutment and associated interface could 
withstand dynamic fatigue testing for two million cycles at 240 N without fracture.  
The associated interface, or in other words the joining mechanism, can be mechanical 
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Figure 4.  ZERAMEX-T® two-piece zirconia dental implant system. 
Clinical (top left) and radiographic (top right) appearance of surgically placed zirconia 
implant and cemented zirconia abutment to replace lower right second premolar tooth.  
Clinical (bottom left) and radiographic (bottom right) appearance of the restored implant 
12 months post-operative (Cionca et al., 2014). No permission was required for re-use for 
non-commercial purposes.  
(utilising gold, titanium or poly ether ether ketone (PEEK) screws) or adhesive (luting 
cements) or both.  The implant is machined from Y-TZP blocks and annealed at high 
temperatures. 
A two-year, single-centre, longitudinal case series reported the outcome of 
treating 32 partially edentulous, systemically healthy patients with 49 two-piece 
zirconia implants (ZERAMEX-T
®
, Dentalpoint AG, Zürich, Switzerland).  Implants 
were placed in the posterior region and zirconia abutments were bonded to implants 
with adhesive resin cement (Figure 4).  In this study, two abutments had fractured and 
five implants were lost due to aseptic loosening.  The authors concluded that the 
one-year cumulative survival rate after loading was 87% (Cionca et al., 2014).  
The above cited research findings cast doubt on the sufficiency of one-piece 
zirconia implants owing to the possible accelerated bone loss during the healing phase.  
Additionally, the use of two-piece implant design utilising a zirconia abutment may 
also contribute to irretrievable failures such as implant head fracture or aseptic 
loosening owing to conveyance of excessive forces during masticatory function.  
‘If something is likely to fail, place it in an accessible location’.  This is a sound 
engineering principle that is utilised in almost all fields of industry.  This principle was 
introduced, developed and investigated in the present study in collaboration with the 
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White Implant Development Corp. (The Netherlands) and Maxon Motors (Germany).  
The White Implant System
®
 utilises a low-strength glass fibre composite (GFC) 
abutment (Triflor
®
, E. Hahnenkratt GmbH, Germany) that is cemented to a soft tissue 
level zirconia implant (Curavex, Maxon Motors, Germany) to support an all-ceramic 
crown (Figure 5).  In this case, the weakest part in the chain could be; (1) abutment-
implant bond (via adhesive cement), (2) abutment itself or (3) the brittle all-ceramic 
crown.  Failure of any of these parts is likely to be favourable, less drastic and 
retrievable.  The introduction of a cemented GFC abutment as a substitute to zirconia 
may also provide a cushioning mechanism.  It can prevent detrimental forces 
e.g. trauma, from being transmitted to the implant and surrounding bone.  Such impact 
forces are more likely to break suprabony components rather than the implant itself.  In 
a clinical situation, the failure of the abutment, crown or any of the adhesive bonds can 
be easily repaired as opposed to implant head fracture or crestal bone resorption 
encountered in conventional one- or two-piece implant systems.  Embracing this 
design conforms to a treatment modality that is proven to be successful in dental 
practice namely, restoration of endodontically treated teeth with glass-fibre posts and 
all-ceramic crown restorations (Signore et al., 2009). 
Figure 5. Two-piece, hybrid zirconia dental implant system. 
The White implant system where a soft tissue level zirconia implant (top left) is bonded 
to a GFC abutment (top middle).  A clinical case demonstrate the use of such design to 
replace an extracted upper left central incisor tooth (top right, bottom left). Bottom 
middle and right, clinical and radiographic appearance three years post-operative 




1.3 Thesis aims and objectives 
The use of zirconia dental implants has been widely studied.  While most studies 
concentrated on HIP and milled zirconia implants, LTD in CIM counterparts is as of 
yet unreported.  Additionally, the performance of a, novel, hybrid, two-piece zirconia 
dental implant design has not been reported in the literature.  Furthermore, there are 
only a limited number of studies comparing the biofunctional response of cells to the 
proprietary ‘MDS’ zirconia surface to other well-known cpTi surfaces.  The overall 
aim of this multi-part project is to perform pre-clinical, in vitro testing of the reliability 
of a novel, hybrid, two-piece zirconia dental implant design.  The translational aim of 
this project is to investigate, develop and refine this implant design to ensure optimum 
performance as an aesthetic alternative to conventional cpTi systems used to replace 
missing teeth in the aesthetic zone. 
To achieve the aims, a multitude of crystallographic, mechanical and biological 
studies will be performed on standard, disc-shaped samples as well as implant-
abutment-crown assemblies.  Dynamic mechanical studies will also be performed on 
implants restored with two different crown materials with respect to their clinical 
applications.  This project will have three main objectives that will be presented 
independently in the form of individual chapters; each with its own introduction, 
materials & methods, results and discussion sections, and consequently discussed and 
correlated to each other in the context of their clinical relevance: 
Chapter 2: The LTD or ageing phenomenon will be characterised and quantified 
as a result of hydrothermal treatment using crystallographic and direct imaging 
techniques. 
Chapter 3: The effect of hydrothermal ageing on basic mechanical properties of 
the implant material will be investigated using static mechanical testing.  The second 
part of this chapter will examine the reliability and durability of various interfaces and 
materials within implant-abutment-crown assemblies under simulated clinical 
conditions. 
Chapter 4: Surface roughness characterisation will be performed using different 
techniques on the smooth and roughened zirconia implant surfaces and compared to 
mechanically and chemically modified cpTi counterpart.  Additionally, the 
biofunctional response of human gingival fibroblasts and osteoblast-like cells to these 
three surfaces will be compared.  
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 Chapter 2: 
Crystallographic Analysis and Ageing Studies 
2.1 Introduction 
Zirconium oxide (ZrO2), or zirconia, is an inorganic metal-oxide ceramic 
material. Pure zirconia exhibits several, chemically-identical but structurally-
distinctive allotropes according to temperature: 
 Below its melting point (2680 ˚C) and above 2370 ˚C, zirconia assumes the 
cubic crystalline system. Cubic zirconia exhibits a face-centred cubic Bravais 
lattice arrangement, an atomic inter-planar distance (d) of 2.94 Å, unit cell 
parameters (a=b=c) of 5.14 Å and inter-planar angles (α=β=ɣ) of 90˚ 
(Katz, 1971).  
 Between 1170 ˚C and 2370 ˚C, zirconia assumes a body-centred tetragonal 
Bravais crystalline arrangement, an atomic inter-planar distance (d) of 
2.96 Å, unit cell parameters (a=b≠c) of 3.598 Å and 5.185 Å and inter-planar 
angles (α=β=ɣ) of 90˚ (Yashima et al., 1994).  
 At room temperature and below 1170 ˚C, pure zirconia is present as a base-
centred monoclinic Bravais arrangement with an atomic inter-planar distance 
(d) of 3.16 Å, unit cell parameters (a≠b≠c) of 5.15 Å, 5.21 Å and 5.32 Å, 
respectively and interplanar angles (α=ɣ≠β) of 90˚ and 99.17˚ (Varez et al., 
2007, Lughi and Sergo, 2010).  
 Other crystalline arrangements have been discovered in surface treated 
zirconia ceramics including a second cubic phase and orthorhombic phases 
(Scott, 1975, Pittayachawan, 2008).  Basic crystalline phases and a simplified 






Figure 6.  Schematic representation of various zirconia phases and zirconia phase transition diagram. 
Top, spatial arrangement of zirconium (yellow) and oxygen (red) atoms in the three principle phases 
of zirconia.  Bottom, relationship between concentrations of Y2O3 stabiliser, temperature and phase 
stability.  The diagram clearly demonstrates the proportional increase of cubic (C) phase with 
increasing the concentration of Y2O3 and temperature.  Tetragonal phase (T) can be stabilised at room 
temperature by addition of 2-8 mol% of Y2O3.  Monoclinic phase (M) is stable between room 
temperature and 1170 °C and with Y2O3 concentration below 1.8 mol%.  Reproduced based on original 
phase diagram by Scott (Scott, 1975). 




The transformation process from tetragonal to monoclinic (t→m) allotrope 
exhibits the characteristics of martensitic transformation (Subbarao et al., 1974, 
Schmauder and Schubert, 1986b, Deville et al., 2004, Lughi and Sergo, 2010).  
According to the phenomenological theory of martensitic crystallography, a 
martensitic transformation can be characterised by a change in crystal structure (a 
phase change) in the solid state that is; athermal, diffusionless and involves the 
simultaneous, co-operative movement of atoms over distances less than an atomic 
diameter. The process should result in a microscopic change of shape of the 
transformed region (Deville et al., 2004, Chevalier et al., 2009).  Despite the fact that 
the transformation process is diffusionless, i.e. involves only a minimal movement of 
atoms less than the interatomic distance, t→m results in 3-5% net volumetric 
expansion (Subbarao et al., 1974, Bannister, 1993).  This is a direct result of the 







).  Dilatation and shear (unit cell) strain subsequent to 
t→m process may result in excessive cracking and catastrophic failure which hindered 
the use of zirconia as a reliable ceramic material for many decades (Bannister, 1993, 
Lughi and Sergo, 2010). 
In the late 1920’s, stabilisation of tetragonal and cubic zirconia phases were 
successfully achieved at room temperature via addition of metal oxide stabilisers such 
as Yb2O3, Er2O3, Eu2O3, Gd2O3, Sc2O3, La2O3, Cao, MgO, CeO2 and Y2O3.  Alloying 
zirconia with the last four chemical oxides was the most widely used process to 
produce fully-stabilised and partially-stabilised (metastable) zirconia ceramics and 
received great attention among researchers (Ruff and Ebert, 1929, Ruff et al., 1929, 
Passerini, 1939, Gupta et al., 1977, Hellmann and Stubican, 1983b, Garvie et al., 1984, 
Fassina et al., 1992, Lughi and Sergo, 2010). 
The required concentrations of Y2O3 to achieve room temperature, metastable 
tetragonal and fully-stable cubic phases vary among different studies.  In his 
cornerstone work, Scott (1975) reported that stabilisation of tetragonal and cubic 
phases at room temperature requires addition of 4-13 mol% and > 13 mol% of Y2O3 
respectively (Scott, 1975).  However, it has been consensually cited that addition of 
≥ 8mol% Y2O3 to pure monoclinic zirconia can result in a fully stable, low 
transformation capacity cubic zirconia.  Also, addition of lower concentrations of 
dopant or stabiliser such as 1.8-8 mol% Y2O3 can yield the most commonly used 
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zirconia based ceramics nowadays, single phase, transformable or metastable Y-TZP 
(Gupta et al., 1977, Hellmann and Stubican, 1983b, Hannink et al., 2000, Lughi and 
Sergo, 2010). 
Tetragonal phase stabilisation using metal oxide dopants can be enhanced by 
embedding the stabilised crystals in a high elastic modulus matrix.  Stabilised 
tetragonal zirconia phase within a matrix of cubic zirconia or the so called, partially 
stabilised zirconia (PSZ) is an example on this material.  Alumina has also been used 
as a matrix to form the so called zirconia toughened alumina (ZTA) (Lughi and Sergo, 
2010). 
Pure cubic zirconia is difficult to process and use in the biomedical field. PSZ is 
very difficult to manufacture owing to the complexity of matrix precipitation process.  
Y-TZP is the easiest to manufacture among other forms of zirconia ceramics.  It also 
has a superior potential for use as surgical implant material owing to; high 
biocompatibility, optimum aesthetic properties, machinability as well as high strength 
and fracture toughness (Piconi and Maccauro, 1999, Hisbergues et al., 2009, 
Vagkopoulou et al, 2009, Lughi and Sergo, 2010). 
When mechanically challenged, for example by a propagating crack, the 
metastable tetragonal crystals can transform to the monoclinic phase (t→m).  This 
process is accompanied by 3-5% volumetric expansion of the crystals (analogous to 
cooling unstabilised tetragonal zirconia to room temperature) which yields radial 
compressive stresses that halts the crack propagation.  The unique transformation 
toughening mechanism or, stress-induced t→m is largely responsible for the 
unsurpassed strength of Y-TZP in comparison to other ceramics (Garvie et al., 1975, 
Gupta et al., 1978). A schematic representation of stress-induced t→m is presented in 
Figure 7. 
In order to lead to toughening of the solid matter, the transformation should 
exhibit the following features; (1) co-operative atom movements without the need to 
reconstruct the crystal structure in order for the transformation to take place in 
association with advancing crack, (2) high speed in order to allow for spontaneous 
reaction to the progressing crack and (3) a displacive component that leads to a 
relatively significant shape change of the transformed volume that is dominated by 
shear stresses (Deville et al., 2004). 
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Interestingly, the t→m process can take place spontaneously in vivo  and upon 
exposure to a humid environment. This phenomenon has been identified as low-
temperature degradation (LTD) or ageing.  As a consequence of this process, Y-TZP 
can suffer slow, long-term, structural deterioration manifested as microcracking and/or 
loss of strength (Kobayashi et al., 1981).  
By definition, t→m during LTD should not be triggered by the local stresses 
produced at the tip of an advancing crack, as in the case of transformation toughening 
phenomenon (Lughi and Sergo, 2010). “Unfortunately, the remarkable advantages of 
the phase transformation toughening cannot be exploited without taking the risks of 
LTD process” (Chevalier et al., 2007b).  
From a microstructural point of view, the major shortcoming of Y-TZP is that 
once the tetragonal crystals transform to the monoclinic polymorph, they cannot 
exhibit phase transformation toughening mechanism anymore (Lughi and Sergo, 
2010). LTD may have two major macroscopic adverse effects on zirconia biomedical 
implants: 
  
Figure 7. Schematic representation of phase transformation toughening mechanism. 
The energy produced by a propagating crack can induce tetragonal (red) to monoclinic 
(blue) phase transformation.  The monoclinic crystals are 3-5% larger in size in comparison 
to tetragonal counterparts.  The volumetric expansion yields compressive stresses that close 
the crack front and halts its propagation. 
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  Cracking and monoclinic crystal pull-out may cause loss of crystalline 
coherence and consequently a decline in mechanical reliability.  
 Surface roughening and the subsequent increase in the wear rate which may 
elicit an immune response against the released wear particles. This may 
ultimately cause aseptic bone loss and implant loosening in addition to 
further decline in mechanical and aesthetic parameters (Chevalier et al., 
2007b, Lughi and Sergo, 2010). 
2.1.1 Physicochemical and microstructural features of LTD 
According to the majority of research reports, LTD is a water-mediated phase 
transformation that propagates via a nucleation-and-growth mechanism.  Several 
models have been proposed to elucidate the role of water and explain the 
physicochemical basis of LTD.  Sato and Shimada (1985) were among the forerunners 
to investigate LTD. They demonstrated the role of corrosive and/or corrosive-
mechanical stress in their pivotal work.  They concluded that water and solvents with a 
molecular structure containing a lone-pair electron orbital opposite to a proton donor 
site, react with Zr-O-Zr bonds at the propagating crack front and consequently form 
Zr-OH bonds.  The formation of the (OH
¯
) bond may relieve strain/tension stabilising 
tetragonal phase and ultimately enhance t→m (Sato and Shimada, 1985). Similarly, 
Yoshimura et al (1987) adopted the hypothesis of anion diffusion and Zr-OH bond 
formation upon the exposure to water. According to their findings, such a reaction 
triggers t→m by chemical adsorption of water molecules followed by the formation of 
Zr-OH bonds at the surface. However, the latter group postulated that destabilisation of 
the tetragonal phase was attributed to the accumulation of lattice strains as a result of 
this reaction rather lattice strain relief.  The accumulation of strain by the migration of 
(OH
¯
) ions at the surface and in the crystalline lattice results in formation of nucleating 
defects.  The nucleation of monoclinic phase in the vicinity of tetragonal grains 
enhances t→m and subsequently causes micro- and macro-cracking (Yoshimura et al., 
1987). 
In their transmission electron microscopy (TEM) study, Lange et al (1986) 
demonstrated that water vapour reacted with yttrium in the Y-TZP and produced 
submicron clusters of Y(OH)3.  This reaction caused stabiliser (Y2O3) depletion and 
thereby, produced a monoclinic nucleus on the surface of an exposed tetragonal grain.  
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Monoclinic nuclei collectively grow to cause transformation of the tetragonal phase.  
The 3-5% volumetric expansion and shear strain associated with t→m can produce a 
microcrack in the case where the size of the transformed grain is larger than the critical 
size for microcracking.  In this case, subsurface grains and bulk of the material will be 
exposed to corrosive action of water penetrating into deeper layers with subsequent 
spontaneous transformation and strength deterioration.  If not, t→m will be limited by 
the diffusion range of yttrium to the surface and the strength is less likely to be 
affected. The authors concluded that catastrophic effects of LTD can be avoided by 
reducing Y-TZP grain size below the critical value required for microcracking (Lange 
et al., 1986).  A similar mechanism was proposed by Schubert (1986) and Li et al 
(1996) who demonstrated the vital role of Y-OH bond formation during LTD process 
and significant synergistic effect of water (Li et al., 1996, Ustundag and Fischman, 
2009). 
Based on data obtained from neutron diffraction and accelerated ageing 
dynamics, oxygen free radicles have been proposed as a more potent contributor to the 
LTD process in comparison to other water-derived species, e.g (OH
¯
).  Water is 
believed to provide free radicles (O
-2
) that start the surface corrosive attack and cause 
lattice shrinkage and build-up of tensile stresses (corrosive-stress process) (Schubert 
and Frey, 2005). t→m starts in the most unstable areas such as grain boundaries where 
the largest amount of tensile stresses are present and then propagates to the centre of 
the grain as water attack continues (Schmauder and Schubert, 1986, Chevalier et al., 
2007b, Chevalier et al., 2009).  
A cascade of events occur after initial transformation process; the transformed 
grains come under compressive forces and the surrounding tetragonal phase grains 
come under tensile stresses which destabilises the tetragonal phase and again, favours 
further t→m via reduction of the strain energy (∆USE, described later). In this way, a 
near-to-near mechanism or autocatalytic effect is provoked.  As the tensile stresses 
generated by the transformation process are greatest on grain boundaries, 
microcracking starts in these areas and grain pull-out rate increases significantly.  This 
in turn, facilitates diffusion of water molecules into deeper layers of the material and 
intensifies the acceleratory effect of water on LTD (Deville et al., 2004).  
Chevalier et al further concluded that a thermodynamic driving force working 
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synergistically with the diffusion of water-derived species is required for the 
transformation to occur (Chevalier et al., 2007b, Chevalier et al., 2009). 
Despite the uncertainties and controversies surrounding the LTD phenomenon, it 
is well-established that;  
 LTD is time-dependent process that proceeds most rapidly at temperatures of 
200-300°C.  
 It commences at the surface and further progresses to the bulk of the material 
via a nucleation-and-growth mechanism where nucleation refers to the 
transformation of a single grain, which can act as a nucleus for further 
transformation and growth refers to the preferential extension of t→m to the 
crystals in the vicinity of the nucleus.  
 Water, vapour or moist environments have a significant role in the 
enhancement of this process. 
 It is dependent on many other microstructural and chemical variables 
(Yoshimura et al., 1987, Chevalier et al., 1999a, Lughi and Sergo, 2010). 
The crucial, obligatory prerequisite for the occurrence of t→m is that the 
tetragonal zirconia crystals exhibit thermodynamic metastability. Whether t→m is 
considered (positively) as a toughening mechanism or (negatively) part of the LTD 
process is determined by the initiative that provoked the transformation process itself. 
t→m induced at the propagating crack front is a stress-induced transformation and 
considered as toughening mechanism. Spontaneous t→m that is not associated with 
mechanical stress generated by propagating cracks, occurs at low temperatures and in a 
humid environment is considered as LTD or ageing process (Lughi and Sergo, 2010). 
In Y-TZP, t→m is mechanically constrained under metastable conditions.   
In order for the t→m to occur, sufficient energy should be introduced to the 
metastable environment to end the equilibrium state and drive the transformation 
process.  If t→m is envisioned as a chemical reaction that is controlled by pertinent 
free energy change (∆Gt→m), the factors affecting the transformation of a tetragonal 




 ∆𝑮𝒕→𝒎 =  ∆𝑮𝑪  + ∆𝑼𝑺𝑬  +  ∆𝑼𝑺     (𝟏) 
Where; 
∆Gc: is the difference in chemical free energy between the tetragonal and monoclinic phases, 
∆USE: refers to the change in elastic strain energy associated with t→m, and  
∆US: is the change in energy associated with the formation of new interfaces as a result of the 
t→m process including; microcracks, surface uplifts and volumetric expansion 
The value of ∆Gc is negative whenever the temperature is below the martensite 
start limit.  It is largely determined by the temperature, chemical composition and the 
amount of oxygen vacancies.  ∆USE is dependent on the modulus of the surrounding 
matrix and the presence of internal (residual) or external (applied) stresses.  ∆US is 
affected by the size and shape of the crystal (Chevalier et al., 2009, Lughi and Sergo, 
2010).  Martensitic transformation is a non-equilibrium process. Thus, for t→m to take 
place, ∆Gt→m should be less than zero.  Tetragonal phase will be unstable or 
undergoing t→m where │∆Gc│ > │∆USE + ∆US │ (Chevalier et al., 2009).  
Y-TZP sensitivity to LTD is significantly affected by several interplaying factors.  
Some of these factors potentiate t→m by conferring a conducive environment for this 
process while others play a role in disrupting/stabilising the equilibrium state of 
tetragonal phase (meta)stability.  Porosity or density plays an important role in 
delivering water to deeper layers of the material and thereby increasing the depth of 
LTD (Masaki, 1986, Muñoz-Saldaña et al., 2003).  The effect of grain size on LTD is 
complex. Increasing grain size reduces the grain boundary area where LTD is 
preferentially initiated, thus reducing the rate of LTD.  However, increasing grain size 
also depresses the nucleation barrier and increases the tensile stresses (reduce ∆USE) 
on the grain boundaries and thereby increases sensitivity to LTD.   
Smaller grain size can increase the nucleation rate on the abundant grain 
boundaries and accelerate LTD (Li and Watanabe, 1998).  However, it is worthwhile 
to mention that LTD was significantly suppressed under extreme ageing conditions 
upon the use of fully dense Y-TZP with a critical grain size < 0.36 μm (Muñoz-
Saldaña et al., 2003). 
The amount of cubic phase, which is affected by sintering protocol and dopants’ 
concentration, is directly related to the LTD process.  Cubic grains are larger than 
tetragonal counterparts and can deplete the latter from stabiliser and thereby, increase 
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the risk of LTD (Chevalier et al., 2004).  Dopants or stabilisers should be used in an 
optimum way in order to maintain the balance between LTD and mechanical 
properties.  High concentrations of dopant reduce the sensitivity to LTD by decreasing 
│∆Gc│ and increasing ∆USE.  However, a large amount of stabiliser reduces the 
efficiency of transformation toughening mechanism and thereby, reliability of the 
material (Sato and Shimada, 1985).  The type of dopant also affects the rate of LTD.  
Ceria-doped zirconia and ceria co-doped Y-TZP materials seem to have reduced 
sensitivity to LTD and better mechanical properties in comparison to Y-TZP (Tsukuma 
and Shimada, 1985, Wang et al., 1992, Ban et al., 2008).  Unfortunately, ceria 
stabilised tetragonal zirconia is not commercially available yet due to several reasons 




 can occur 
spontaneously during sintering in air at room temperature as a result of stress locally 
generated by t→m.  Ce
+3 
is reported to have a significantly inferior stabilising effect on 
tetragonal zirconia.  Secondly, ceria stabilised zirconia has a light yellow to almost 
brownish colour.  This in turn poses an aesthetic challenge for dental applications.  




 tends to cause dark grey discoloration.  This is 
especially relevant in the oral environment as several studies reported that some 




 reducing capabilities (Lughi 
and Sergo, 2010). 
Addition of alumina particles was shown to reduce the LTD kinetics of Y-TZP as 
it increased densification, increased ∆USE by increasing matrix elastic modulus and 
enhanced tensile deformation in superplastic flow (Radford and Bratton, 1979, 
Chevalier et al., 2009).  In addition, the segregation of Al
+3
 to the grain boundary 
reduces │∆Gc│ by enhancing anion vacancies in the crystalline grain boundary i.e., 
alumina-zirconia interface can accommodate a higher concentration of oxygen 
vacancies in comparison to the bulk of the grain owing to the trivalent nature of 
aluminium (Suenaga et al., 1998).  
Presence of stress/strain in the crystalline lattice is an important determinant of 
the t→m process.  It has been demonstrated that t→m does not take place in stress-free 
tetragonal zirconia crystals, even if the stabiliser content is significantly below that 
required as per the stability of the phase diagram, that is <1.8 mol% (Schmauder and 
Schubert, 1986b).  Grinding and surface treatments affect reliability and LTD 
sensitivity of Y-TZP as they affect internal and residual stresses, and introduce external 
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stresses. Wet grinding and sandblasting seemed to have no detrimental effect on 
reliability (Guazzato et al., 2005).  Compressive stresses as a result of rough surface 
polishing aids LTD resistance.  Scratches induced by fine polishing induce t→m and 
potentially LTD along the scratch line as a result of tensile stresses build up 
(Deville et al., 2006).  Internal tensile stresses act to reduce ∆USE while compressive 
stresses increase the value of this parameter which explains the different effect on LTD 
susceptibility (Chevalier et al., 2009).  The effect of various stresses can significantly 
alter the nature of the t→m’s product.  Where the transformed crystal is in a non-
constrained environment such as on the surface of a solid matter or in a powder, the 
volumetric expansion subsequent to t→m is manifested/relaxed as a surface uplifts or 
the so called, martensite reliefs.  On the other hand, in a mechanically constrained 
environment and in the presence of a stress field, such as the bulk of a solid matter, 
tetragonal MgO partially stabilised zirconia transformed into a stack of monoclinic 
allotropes (crystal twinning), which accommodated the shear component of the 
transformation as indicated by TEM studies (Chevalier et al., 2009). 
2.2 LTD kinetics 
The contribution of factors affecting ∆Gc, ∆USE and ∆US eventually determines 
as to whether the equilibrium state of metastable tetragonal zirconia will be disrupted 
or maintained and hence whether t→m proceeds or not.  Thus, in a (meta)stable 
tetragonal crystal, the occurrence of t→m strictly requires a kinetically driven event 
over an elapsed time range that alters one or more of the above variables.  Tetragonal 
zirconia phase can be existent in a (meta)stable form even if the conditions point 
toward negative ∆Gt→m.  This is attributed to the fact that a thermodynamic or a 
mechanical trigger is needed for t→m to take place, analogous to water remaining in 
liquid state just below the freezing temperature (Lughi and Sergo, 2010). 
Equation 1 allows studying the boundaries of mechanical and thermodynamic 
stability of Y-TZP at a snapshot of time as the variables are time independent.  Long-
term stability of tetragonal phase of zirconia can however, be studied in time-
dependent, kinetic terms (Lughi and Sergo, 2010).  The effect of LTD on Y-TZP was 
overlooked until 2001 owing to the presumption that its occurrence within an in vivo 
environment was physically impossible.  These thoughts were consolidated by the fact 
that LTD kinetics peak at approximately 250 ˚C (Chevalier et al., 2009).  However, it 
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has been demonstrated that t→m kinetics are very profoundly affected by several 
microstructure- and processing-related factors which if modified, will result in the 
kinetics being shifted by several orders of magnitude (Deville et al., 2005).  
The martensitic t→m process in Y-TZP takes place by an apparent water-
controlled nucleation and growth mechanism.  Several studies have shown that LTD 
kinetics follow sigmoidal laws related to the nucleation and growth mechanism.  Thus, 
they can be initially described using the Mehl-Avrami-Johnson (MAJ) equation that is 
used for time-dependent, isothermal phase transitions (Chevalier et al., 2007b, 
Kokubo, 2008):  
𝑽𝒎 = 𝟏 − 𝒆𝒙𝒑[−(𝒃𝒕
𝒏)]     (𝟐) 
Where;  
Vm is the monoclinic volume fraction in the volume accessible by the technique used for 
quantification,  
t is the time,  
n is the MAJ exponent constant, and 
b is a parameter dependent on temperature 
The parameter dependent on temperature (b) can be calculated from the apparent 
activation energy, in the 37-140˚C temperature range, using Arrhenius law presented in 
Equation 3 (Chevalier et al., 2007b, Lughi and Sergo, 2010): 
𝒃 = 𝒃𝟎 × 𝒆𝒙𝒑 [−
𝑸
𝑹𝑻
]     (𝟑) 
Where; 
b0 is a constant, 
R is the gas constant,  
Q is the apparent activation energy, and  
T is the absolute temperature. 
The apparent activation energy is, in essence, the driving force for the t→m 
process.  In a given material at any point of time, it is the value of  ∆𝑮𝒕→𝒎 at which 
t→m process takes place.  It depends on the free energy difference between the 
tetragonal and monoclinic phases, temperature and stress state.  Various surface 
treatments and processing conditions largely affect the apparent activation energy by 
altering one or more of these factors (Chevalier et al., 2007b, Lughi and Sergo, 2010).  
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The use of Equations 2 and 3 had substantial success in extrapolating 
time-temperature equivalences between in vitro, accelerated, high temperature LTD 
data and in vivo LTD occurring at body temperature.  For instance, steam sterilisation 
at 134˚C for 5 hours is now proposed to simulate 15–20 years of in vivo LTD 
(Chevalier et al., 1997, Chevalier et al., 1999a, Lughi and Sergo, 2010).   
Y-TZP femoral implants were being used successfully since 1985 with a fracture 
rate of 1 per 50,000 implants (0.002%) (Cales, 2000).  The premature catastrophic 
failure of a series of Y-TZP surgical implants used for total hip arthroplasty however 
tarnished this respectable record and imposed a paradigm shift in consideration of LTD 
phenomenon.  As cited by Chevalier et al. (2007), LTD was the major suspect and the 
leading cause in the striking episode of femoral implants failure within ‘particular’ 
batches.  The occurrence and distribution of these failures undoubtedly indicated awry 
processing.  It subsequently transpired that the manufacturer utilised a new time-
efficient tunnel furnace to provide a continuous sintering operation to cope with the 
increasing commercial demand.  The newly processed femoral heads failed within 
months of implantation with a striking failure rate of 8%.  The use of autoclave 
sterilisation at that period had also complicated the situation and was later forbidden by 
the Food and Drug Administration (FDA).  The use of the tunnel furnace led to an 
uneven radial distribution of intermediate density and a highly porous core of the 
implants after sintering. In addition, mechanical grinding for a wedge-shaped female 
receptacle in the Y-TZP femoral head in order to receive metal male component led to 
accumulation of high residual stresses that lowered t→m activation threshold.  
Unfortunately, these flaws skipped the standard quality control checks which 
investigate the overall density and surface LTD (Chevalier et al., 2007b).  
2.3 Macroscopic consequences of LTD on surgical implants 
Studies on retrieved femoral head surgical implants revealed that LTD can have 
two major macroscopic adverse effects on zirconia dental implants.  Firstly, cracking 
and monoclinic crystal pull-out may cause surface roughness, loss of crystalline 
coherence and consequently decline in mechanical reliability.  Secondly, the released 
particles can elicit an immune response that ultimately causes aseptic bone loss and 
implant loosening (Chevalier et al., 2007b, Lughi and Sergo, 2010).  However, as cited 
by Chevalier et al (2007), the extent and relevance of such problems varied among 
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published reports owing to the complexity and multifactorial (processing and chemical 
composition) nature of LTD process (Chevalier et al., 2007b).  Some studies reported 
poor survival rates due to high wear rates and wear particles release which led to 
osteolysis and ultimately aseptic loosening of the implants.  Analysis of the retrieved 
implants (implanted for up to 10 years in vivo) revealed significant LTD at the 
articulating surfaces.  The degradation of the material’s strengh was associated with 
extensive microcracking, increased monoclinic phase fraction, reduced hardness and 
surface roughness parameters (Allain et al., 1999, Haraguchi et al., 2001, Norton et al., 
2002, Catledge et al., 2003, Hernigou and Bahrami, 2003, Santos et al., 2004).   
2.4 In vitro simulation of LTD process  
LTD, at accelerated rates, can be reproduced in the laboratory environment using 
several mechanisms.  Ageing of zirconia in humid air, distilled water, saline, artificial 
saliva, Ringer's solution, acetic, sulphuric or nitric acid and caustic soda, at various 
temperatures and for different periods have been reported (Nakajima et al., 1983, 
Drummond, 1989, Chevalier et al., 1999a, Shojai and Mäntylä. , 2001, Kosmać et al., 
2008).  The most commonly reported in vitro ageing mechanism is hydrothermal 
ageing using autoclave sterilisation units or hydrothermal reactors.  
Nakajima et al (1983) were among the first who reported the use of autoclave for 
Y-TZP ageing (Nakajima et al., 1983).  They have used a temperature that ranged from 
100 to 180°C for less than 5 hours. Such accelerated LTD tests are currently used for 
extrapolating an estimate of LTD rates and, hence, the product’s lifetime assuming that 
the transformation rate follows the same Arrhenius-like trend at room/body 
temperature (Lughi and Sergo, 2010).  It has been suggested that 5 hours of 
hydrothermal ageing at a temperature of 134 ˚C and 2 bar steam pressure may 
simulate15–20 years of LTD at 37 ˚C (Chevalier et al., 2007b).  Assuming comparable 
time–temperature equivalences, the ISO standards 13356:2008 specified that Y-TZP 
ceramic implant materials should contain less than 25% monoclinic phase fraction 




2.5 Initial material characterisation 
The microstructure of the injection-moulded zirconia dental implant material was 
characterised using scanning electron microscopy (SEM).  Ethylene oxide sterilised, 
17.85±0.011 mm diameter and 1.03±0.014 mm thick Y-TZP zirconia discs were 
provided by the manufacturer (Maxon motor GmbH, Germany), (The White Implant 
Development Corp., The Netherlands).  The steps of the production, data sheet and 
sterilisation process of these samples were provided by the manufacturer and included 
in Appendix A, B and C respectively. As-received discs were mirror polished as 
described in Section 2.6.4.1.  Discs were sputter coated with 10 nm layer of platinum 
using a high resolution sputter coater (Agar scientific, UK) .  High resolution field 
emission SEM was used to study the crystalline structure of the material 
(LEOGemini 1530).  Images were imported to DigitalMicrograph™ software (Gatan 
Microscopy Suite, UK).  Images were calibrated using the software according to the 
scale bar embedded in the image.  Five lines of known lengths were drawn to include 
the maximum number of complete grains.  Average crystal size was calculated using 
the linear intercept method according to Equation (4) (Wurst and Nelson, 1972): 
𝓓 = 𝟏. 𝟓𝟔
𝑪
𝑴𝑵
     (𝟒) 
Where; 
D is the average grain size,  
C the total length of test line superimposed on micrograph, 
N the number of intercepts, 
M the magnification of the micrograph, and 
1.56 is the proportionality constant or correction factor  
Characterisation of the elemental composition of representative, as-received 
samples was carried out using energy dispersive X-Ray spectroscopy (EDS) system 
(Oxford Instruments, UK).  The system is equipped with a silicone drift detector (X-
Max
®
) and pulse processor (X-stream-2, Oxford Instruments, UK).  Data was analysed 
using sophisticated elemental analysis software (AztecEnergy, Oxford Instruments, 
UK).   
SEM revealed a homogenous and dense microstructure without any notable 
defects or porosity.  Grains were equiaxial in shape and had clear, well-demarcated 
grain boundaries.  Grain size varied between 200-600 nm with an average of 
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453.61±51.73 nm according to linear intercept method.  Measurement of the average 
diameter of grains using software like ImageJ without any corrections revealed a 
smaller grain size in comparison the linear intercept method (384.27 nm Vs. 
453.61 nm).  It has been reported that the former technique may underestimate grain 
diameter due to stereological error.  A correction factor of 1.56 can be used to obtain 
the real grain diameter as in the linear intercept method used in this study (Fullman, 
1953, Deville et al., 2005). 
EDS analysis revealed weight percentage of 71.38%, 26.88%, 1.22%, 0.27% and 
0.25% of the following atoms Zr, O, Y, Hf, and Al, respectively.  Platinum was shown 
in the spectrum as it has the same close electron emission energy to zirconium as well 
as due to a weak signal present from the coating material.  Figure 8 demonstrates 
microstructure of the studied material as seen under high magnification SEM and EDS 
spectrum for the same sample. 
  
Figure 8. SEM and EDS characterisation of the studied injection-moulded Y-TZP implant 
material.  
Top, high magnification SEM image revealing the ultrastructure of polished material 
which was used to calculate average crystal diameter.  Bottom, elemental EDS analysis of 
the material demonstrating chemical composition that is principally consists of Zr and O. 
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2.6 Ageing identification and quantification: Experimental 
techniques and results 
The bout of catastrophic failures of zirconia implants stressed the fact that LTD 
is a very complicated and delicately controlled process.  Examination of LTD 
susceptibility for all produced batches of any zirconia biomedical device has been a 
standard procedure since then.  In fact, this misfortune could have been avoided if the 
experimental work by Chevalier et al (1999) was carefully considered. They postulated 
and tested an analytical method for modelling zirconia LTD kinetics utilising X-Ray 
diffraction (XRD) and atomic force microscopy (AFM).  In their model, it was 
hypothesised that LTD takes place by a constant nucleation of new transformation 
zones with time.  Additionally, transformation zones increase in diameter and height at 
constant rate provided that an adequate space was available.   
The above model was successfully applied to hot- and cold-isostatically pressed 
3 mol% Y-TZP and commercially available Prozyr zirconia femoral heads (Chevalier 
et al., 1999a, Gremillard et al., 2004a, Chevalier et al., 2007b).  However, the authors 
reiterated that accurate prediction of LTD kinetics can only be performed while the 
nucleation-growth and t→m process is confined to the depth accessible by X-Ray 
(5µm).  LTD that progressed to the bulk of the material, beyond 5µm, cannot be 
assessed utilising this method which explains how the failed zirconia hip implants 
skipped quality control process (Chevalier et al., 1999a, Chevalier et al., 2007b).  
Thus, the use of various direct imaging techniques in order to assess the extent and the 
consequences of t→m process has been widely adopted thereafter.  
Experimental techniques used for characterising LTD can be generally divided to 
techniques which assess the crystallographic or morphological changes induced by the 
t→m process.  The former techniques rely on differentiation between the 
crystallographic features of various zirconia phases.  The latter however, directly 
examine/image the sequela of t→m such as; microcracking, crystalline pull-out, crystal 
twinning and formation of martensite reliefs/laths. 
2.6.1 XRD on discs and implants 
XRD is by far the most extensively used technique to characterise and quantify 
LTD in zirconia ceramics (Deville et al., 2005).  It is a quick, versatile, non-destructive 
and reliable technique to study the chemical setup and phase fractions of naturally 
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occurring and manufactured crystalline powders and solids.  Every crystalline 
substance yields a characteristic pattern of diffracted X-Rays.  In case of mixture of 
substances, each one produces its pattern independently of the others. 
The X-Ray diffraction pattern of a pure substance is like a fingerprint of the 
substance.  Thus, XRD is suited for identification of chemical composition and various 
phases within multiphasic materials. XRD allows measuring the average spacing 
between layers of atoms and crystals which in turn, allows identification of orientation 
and spatial arrangement of crystals.  Size and shape of crystals, internal stresses and 
chemical bonds within the crystalline lattice can all be studied utilising X-Ray 
diffraction (Jenkins and Snyder, 2012). 
XRD largely depends on Bragg’s law where the intensity and pattern of diffracted 
X-Ray beams indicate the electron density and inter-atomic distance of the tested 
material.  It is firmly established XRD can be used to perform texture analysis which is 
used to identify any preferred orientation of crystals within the crystalline lattice.  This 
is essential in solid, processed materials such as ceramics where crystals may assume a 
non-random distribution as opposite to powder samples.  Knowledge of the texture is 
an important factor in understanding the mechanical, physical or chemical behaviour 
of the investigated material (Vanasupa et al., 1999, Almer et al., 2003). Bragg’s law 
can be given as in Equation (5) (Warren, 2012): 
𝒏𝝀 = 𝟐𝒅 𝐬𝐢𝐧 𝜽     (𝟓) 
Where; 
n: integer, 
λ: electromagnetic radiation wavelength, 
d: the separation of the reflecting planes, and  
θ: the angle of incidence of X-Rays  
In simple words, Bragg’s law states that the planes of atoms or crystals separated 
by a particular distance within each crystalline solid diffract incident electromagnetic 
radiation in specific patterns of constructive interference at certain angles of incidence. 
Figure 9 shows a schematic representation of the relation between incident beam 




Figure 9. Schematic representation of Bragg’s law. 
The concept of Bragg’s diffraction explains the appearance of characteristic and 
distinct diffraction patterns of different crystalline materials.  The diffracted 
X-rays interfere constructively when they travel a distance inside the material 
that is different by a whole number multiplied by their wavelength (nλ).  The 
relation between constructively interfered diffracted signal nλ, d and θ can be 
given by the equation nλ=2d sinθ.   
In this project, XRD analysis was performed on as-received and aged (n=3) discs 
using a PANalytical X'Pert Powder diffractometer (Panalytical B.V, The Netherlands) 
with Ni filtered Cu Kα1 (1.5406 Å) at generator voltage and tube current of 40Kv and 
40 mA, respectively. 
Samples were mounted to an ultra-low background, custom made aluminium 
holder utilising a minimum amount of plasticine that was completely masked under the 
sample.  A 10 mm fixed incident beam mask was used to collimate the width of the 
exposed area and the beam length was adjusted to 2 mm.  Diffraction data was 
collected in a classical Bragg-Brentano geometry from 27° to 33° 2θ with step size of 
0.033° and dwell time of 175 sec.  Automatic divergence slits (ADS) were used in 
order to ensure equal irradiated area over the entire 2θ range.  Outputs were charted 
using the X’Pert Data Collector software (Panalytical B.V, The Netherlands).  
Figure 10 shows a schematic representation of the described diffractometer. 
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The volume percentage of monoclinic phase was determined in all samples 
according to two different methods.  Firstly, High Score Plus software (Panalytical 
B.V, The Netherlands) was used to perform a search match using the elemental 
restrictions determined from the product information sheet and EDS data of obtained 
for representative samples.  Diffraction patterns were matched with reference powder 
diffraction files (PDF) obtained from the International Centre of Diffraction Data 
(ICDD) database.  PDFs with best match probability and highest quality were 
included in one calculated model.  The model contained tetragonal yttria stabilised 
zirconia diffraction data based on Yashima et al (1994) with a P42/nmc space group 
and lattice parameters of a= 3.6029 Å and c= 5.1716 Å (Yashima et al., 1994).  
Additionally, the model contained diffraction data of baddeleyite (monoclinic) zirconia 
phase based on Varez et al (2007) with a space group of P21/nmc and lattice 
parameters of a= 5.1514 Å, b= 5.2098 Å and c= 5.3204 Å (Varez et al., 2007, 
Yamashita et al., 2008). 
The matched phases were added into a pseudo Voigt distribution to perform 
Rietveld refinement on diffraction data.  Rietveld refinement is a technique in which a 
calculated model is fitted to a diffraction pattern.  The model includes reference 
powder diffraction data of various components, pattern line shape, background and 
phase composition.  The model parameters are then adjusted via least-squares 
Goniometer 
Figure 10. Schematic representation of the used XRD setup. 
Classic Braggs-Berntano XRD setup involves irradiating a stationary sample from an 
X-ray source that simultaneously moves along 2θ range with the X-ray detector.   
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refinement to best match the raw data (Ilavsky and Stalick, 2000).  Refinement 
proceeds with treatment of raw diffraction data by transforming from ADS to fixed 
divergence slits (FDS), using a trigonometric algorithm in the software.  Refinement 
of all global variables was carried out including; specimen displacement (mm), 
polynomial background correction, flat background, and other background 
coefficients.  Zero shift (2θ) and wavelength (Å) were the exception and kept 
unrefined.  
Variables related to individual phases including; scale factor, preferred 
orientation, peak shape variables, asymmetry (Rietveld) factor and cell parameters 
were refined one by one.  Refinement was performed systematically, according to a 
strategy so as to treat all specimens consistently.  The refinement was deemed 
successful as far as it did not cause convergence of fit or yielded impossible values 
such as peak shape of 1 or size broadening factor less than zero.  Weighted-profile 
R-factor (Rwp), an agreement index that measures the degree of convergence in the fit, 
was used as a guide to the quality of fit. The refinement process was accepted as long 
as Rwp was less than 10.  Figure 11 summarises the refining strategy used in this study.  
Figure 11. Refinement strategy used during Rietveld analysis of XRD data.  
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Secondly, the monoclinic volume fraction was determined from scans for all 
samples according to the Toraya’s modification of the Garvie and Nicholson method.  
Experimental integrated intensity ratio of monoclinic phase (Xm) and monoclinic 
volume fraction (Vm) were determined using Equations (6 and 7) (Garvie and 
Nicholson, 1972, Toraya et al., 1984):  
𝑿𝒎 =
𝑰𝒎(−𝟏𝟏𝟏)   + 𝑰𝒎(𝟏𝟏𝟏)
𝑰𝒎(−𝟏𝟏𝟏)+𝑰𝒎(𝟏𝟏𝟏)+𝑰𝒕(𝟏𝟎𝟏)




     (7) 
Where; 
I t : integrated intensity or the area under the tetragonal peaks,and 
I m : integrated intensity or the area under the monoclinic peaks 
In this project, twelve discs were divided into; as-received, aged, machined and 
machined-aged groups (n=3 per group).  Aged samples received hydrothermal 
treatment in a 1.2 litre high pressure hydrothermal reactor (Series 4540 Parr, U.S.A) 
with 300 ml of distilled water.  The ageing cycle lasted for 5 hours at operating 
temperature and pressure equal to 134 ˚C and 2 bar, respectively. Samples were left in 
the hydrothermal reactor upon completing the cycle until 50 ˚C temperature was 
reached.  The cooling rate was estimated to be 0.011˚C/sec. Samples were dried using 
compressed air and stored in a desiccator until further testing.   
In order to examine the effect of mechanical grinding on tm, a ‘machined’ 
group was created by preparing a central, rectangular, 8 mm wide and 0.5 mm deep 
area in six discs using fine grit, multi-layer gold diamond burs (45 µm, Diatech, 
Coltene, Switzerland) fitted in a high-speed handpiece (400,000 rpm, Synea®, W&H 
Dental WerksBürmoos GmbH, Germany) with continuous water cooling. 
Depth of preparation was continuously checked with digital micrometer 
(Mitutoyo Ltd, Hampshire, UK).  Half of the prepared discs were exposed to the above 
mentioned hydrothermal treatment ‘machined-aged group’.  
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XRD data of as-received discs after ethylene oxide sterilisation displayed a wide, 
anisotropic peak at approximately 2θ= 30.3˚ related to (101) tetragonal phase with 
lattice parameters a, b= 3.597 Å and c= 5.197 Å. A very low intensity peak was also 
noticed at 2θ= 28.1˚ corresponding to the (̅111) peak of the monoclinic phase with 
lattice parameters a= 5.14 Å, b= 5.23 Å and c= 5.32 Å.  Rietveld analysis revealed a 
principal tetragonal phase (94.41±0.67 volume %) and minor moderately textured 
monoclinic phase (5.59±0.67 volume %) as shown in Figure 12.  
After 5 hours of hydrothermal ageing, intensity of the (̅111) monoclinic peak had 
noticeably increased.  In addition, a further small peak at 2θ=31.4˚ appeared 
corresponding to the (111) peak of the monoclinic phase.  Rietveld analysis revealed 
that the monoclinic phase fraction increased to 13.43±2.11 volume %.  Hydrothermal 
ageing caused notable surface texture (preferred orientation) as indicated by Rietveld 


















Figure 12. Rietveld refinement of XRD data obtained for a representative as-received 
sample. 
Diffraction pattern (blue) was obtained by plotting intensity of diffracted signal 
against 2θ.  Calculated model (red) from reference diffraction patterns for monoclinic 
and tetragonal phases was fitted to raw XRD data.  Background (black) was calculated 
and refined by the software to fit bases of different peaks.  Numbers above each peak 
corresponds to Miller indices that indicate the spatial orientation of each phase. 
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Machined samples displayed slightly different diffraction patterns. The 
monoclinic (̅111) peak at 2θ=28.1 was less intense in comparison to the as-received 
group. The tetragonal peak at 2θ=30.1 was wider and more asymmetrical which is 
indicative of microstrain.  Rietveld refinement revealed that the machined group had a 
mean monoclinic volume fraction of 1.73±0.38% and the rest was tetragonal phase.  
Hydrothermal ageing of machined samples (machined-aged) yielded a mean 
monoclinic phase volume fraction of 5.75±0.91%.   
With regard to implant samples, they exhibited similar crystallographic features 
to disc samples.  However, some differences were noticed in monoclinic phase 
fractions.  The mean monoclinic phase volume fraction in as-received, 5 mm diameter, 
ethylene oxide and sterilised implants was found to be 8.77%±1.32.  Hydrothermal 
ageing resulted in tripling of the monoclinic phase fraction of the studied implants 
(24.74%±1.41). 
Diffraction patterns of representative samples from the four experimental (disc) 
groups are presented in Figure 14.  Comparative plots for diffraction patterns of 
as-received disc versus implant are presented in Figure 15.  Table 2 summarises the 

























































Figure 14. Comparative diffraction patterns of representative samples (discs) 
from all experimental groups. 
Figure 15. Comparative diffraction patterns of representative as-received disc 
and as-received implant. 
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Table 2. Summary of outcome of Rietveld analysis for XRD data. 
Vm: monoclinic phase volume percentage, PO : preferred orientation  
Sample Group Vm PO Microstrain 
Discs 
As-received 5.59(0.67) Moderate N/A 
Aged 13.43(2.11) High N/A 
Machined 1.73(0.38) N/A High 
Machined-aged 5.75(0.91) N/A Moderate 
Implants 
As-received 8.77(1.32) Moderate N/A 
Aged 24.74(1.41) High N/A 
Analysis of diffraction data according to the Toraya’s modification of the Garvie 
and Nicholson method was performed.  The overestimation of monoclinic volume 
fraction was notable with this method in comparison to Rietveld refinement.  
As-received discs had volume percentage of monoclinic phase of 10.77±2.28%.  Aged 
discs group had a mean monoclinic volume fraction of 27.46±1.11%.  Machined group 
had a mean monoclinic volume fraction of 5.25±2.02%.  Machined-aged group had a 
mean monoclinic volume fraction of 9.54±1.81%.  As-received and aged implants had 
a mean monoclinic volume fraction of 7.82±1.44% and 30.91±3.39%, respectively.  
Table 3 compares the monoclinic phase fraction values calculated from the two 
different methods. 
Table 3.  Comparison of monoclinic phase fraction as calculated by two different methods. 
Mean (SD) 
Sample Group M% (Toraya) M% (Rietvled) 
Discs 
As-received  10.77(2.28) 5.59(0.67)  
Aged 27.46(1.11) 13.43(2.11)  
Machined 5.25(2.02) 1.73(0.38)  
Machined-aged 9.54(1.81) 5.75(0.91) 
Implants 
As-received 7.82(1.44) 8.77(1.32) 




Conventional XRD provides pivotal crystallographic information regarding 
zirconia LTD.  However, only a limited thickness of the material can be studied owing 
to the limited X-Ray penetration (~ 5µm) in Y-TZP materials.  Thus, LTD involving 
the bulk of the material cannot be investigated.  Also, conventional XRD may be of 
limited use to assess early stages of surface LTD as a result of the low precision of the 
technique for monoclinic contents lower than 5%.  Furthermore, the technique 
provides no information on the distribution of transformed zones (monoclinic phase) 
along the studied depth of the material.  
The depth of the LTD affected layer of Y-TZP ( known as depth of transformed 
zone, DTZ) can be calculated utilising a method originally proposed by 
Kosmać et al (1981) (Kosmać et al., 1981, Kosmać et al., 1999).  DTZ (µm) can be 







     (𝟖) 
Where; 
θ: the reflection angle and equals 15º,  
µ/p: mass absorption (attenuation) coefficient (0.0642), and 
Xm: experimental integrated intensity ratio of monoclinic phase calculated from Equation 6 
DTZ was significantly increased by the hydrothermal ageing process.  
As-received samples had a mean DTZ of 0.45±0.10 µm while aged samples had DTZ 
of 1.29±0.06 µm.  Machining of discs apparently removed part of the transformed 
layer (0.21±0.08 µm) and induced minimum t→m.  Machining seemed to minimise the 
tendency to t→m as a result of hydrothermal ageing.  This was clear from the lower 
Xm, Vm and DTZ (0.39±0.08 µm) values of machined-aged group in comparison to 
aged group.  Mean values of DTZ of as-received and aged implants (0.32±0.06 µm, 
1.49±0.21 µm) were not significantly different from DTZ values for as-received and 
aged discs, respectively.  . 
The major assumption of this method is, within the transformed surface layer, all 
the tetragonal grains have transformed into the monoclinic phase.  However, pilot 
work performed utilising electron back scattered diffraction (EBSD-SEM) indicated 
that this was rarely the case with short LTD periods as will be discussed in Section 2.7.  
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Thus, such assumptions can be a major critique for such methods.  Table 4 summaries 
DTZ for various experimental groups according to this method. 
Table 4.  Summary of DTZ in all experimental groups 
Sample Group DTZ (µm) 
Discs 
As-received  0.45±0.10  




As-received 0.32±0.06  
Aged 1.49±0.21  
The aforementioned limitations of conventional XRD can be ameliorated.  A 
more informative LTD data can be extrapolated utilising XRD at fixed incident angles 
or the so called, glancing incidence angle XRD (GIAXRD).  The principle of this 
technique relies on the fact that penetration depth of X-Rays decreases with decreasing 
the X-Ray beam incident angle (Chevalier et al., 2007b, Gremillard et al., 2010).  At 
each incident angle, X-Ray penetration depth can be defined as the thickness of the 
sample contributing to 99% of the diffracted intensity (T) for a given incident angle θ. 
It can be given by Equation (9): 
𝑻 = 𝟎. 𝟓 𝑳 𝒔𝒊𝒏 𝜽     (𝟗) 
L is the X-Ray path length which is the length the X-Ray travels through a 
material with the given characteristics, until 99% of the intensity is absorbed and only 
1% of the initial intensity is transmitted. L can be derived from mass absorption 
(attenuation) coefficient (µ/p) and true density of the material (ρ) using the following 
equation:  





     (𝟏𝟎) 
µ/p is expressed as a combination of the specific gravity of the material and the 
estimated packing density (Panalytical, 2011).  Table 5 summarises penetration depths 
at incidence angles of 1-15º as calculated by the penetration depth calculator within the 
HighScore Plus software (Panalytical B.V, The Netherlands).  Figure 16 demonstrates 
a schematic representation of GIAXRD setup. 
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1 0.641 9 5.745 
2 1.282 10 6.377 
3 1.922 11 7.007 
4 2.562 12 7.636 
5 3.201 13 8.261 
6 3.839 14 8.885 
7 4.476 15 9.505 
8 5.111   
   
Figure 16. Schematic representation of GIAXRD setup. 
GIAXRD setup is similar to conventional XRD with one exception that X-ray source 
remains stationary at low incident angles (ω).  Diffracted signal is collected along the 
whole 2θ range (top).  The X-ray incident angle is increased gradually to increase the 
depth of X-ray penetration and thereby the investigated thickness of the material (D,z). 
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Simple plotting of monoclinic phase fraction obtained utilising GIAXRD versus 
calculated X-Ray penetration depth at each incidence angle can provide limited 
qualitative information.  This is attributed to the fact that most of the crystallographic 
information provided by the diffracted beam come from the near sub-surface, even at 
high incidence angles (Gremillard et al., 2010).  Additionally, at lower incidence 
angles, the surface-bulk signal ratio increases.  This may lead to overestimation of the 
monoclinic phase fraction as the analysed depth is smaller at such small angles 
(Chevalier et al., 2007b).  
Gremillard et al (2010) proposed a GIAXRD based method to evaluate 
monoclinic phase fraction depth profile in zirconia ceramics.  They relied on the fact 
that the contribution of the total diffracted X-Ray beam intensity from a small volume 
located at certain depth (Z), is proportional to the volume itself (dz), monoclinic phase 
fraction at the same depth (fm(z)) and to the transmitted beam intensity by the material 
(i(z)). They mathematically derived that the real transformation depth profile Fm can 
be given as an inverse Laplace transform of the fitted function of Xm-penetration depth 
data points or 
𝑿𝒎(𝒖)
𝒖
, where (u) is the reciprocal of penetration depth. Experimentally, 
the calculation of real transformation depth profile (Fm) begins with plotting Xm 
(acquired from the Garvie and Nicholson Equation (6)) versus penetration depth at 
different incidence angles. The second stage is to fit Xm with an appropriate 
mathematical function. Fm can be then calculated as the inverse Laplace transform of 
the fitted function (Gremillard et al., 2010). 
In this project, GIAXRD was performed on as-received and aged discs using a 
Phillips X'Pert Powder diffractometer (Panalytical B.V, The Netherlands) with Ni 
filtered Cu Kα1 (1.5406 Å) at generator voltage and tube current of 40Kv and 40 mA, 
respectively. Samples were mounted to a cut-off, ultra-low background, custom-made 
aluminium holder utilising a minimum amount of plasticine that was completely 
obscured from the X-Rays under the sample. A 10 mm fixed incident beam mask was 
used to determine the width of the exposed area and the beam length was adjusted to 
2 mm. Diffraction data was collected in a classical Bragg-Brentano geometry from 27° 
to 33° 2θ at fixed incident angles between 1-15º. Step size of 0.05° and dwell time of 
100 sec were used.  FDS were used at  1 32 ⁄  and active detector length was reduced to ¼ 
(0.528) in order to decrease air scattering and enhance resolution. Outputs were 
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charted using the X’Pert Data Collector software (Panalytical B.V, The Netherlands). 
Xm was calculated using Equation (6) for each diffraction data set.  Xm values were 
plotted against calculated penetration depths and fitted, using Gnuplot software 




𝑫𝒇𝒎𝒃 − 𝒍𝒏(𝟏 − 𝑺)𝒇𝒎𝟎𝒁𝟎
𝑫 − 𝒁𝟎𝒍𝒏 (𝟏 − 𝑺)
     (𝟏𝟏) 
Where; 
D is the calculated X-Ray penetration depth contributing for a fraction S to the diffracted intensity, 
Fm0: maximum monoclinic phase fraction at the most superficial layer of the material, and 
Fmb: lowest monoclinic phase fraction at depth Z0 
Inverse Laplace transform was obtained for the fitted function using 
MATLAB 22 software (version 7.9, MathWorks, UK).  Real transformation depth 
profile Fm is given by Equation 12: 
𝑭𝒎(𝒁) = 𝑯(𝒁) [(𝒇𝒎𝟎 − 𝒇𝒎𝒃)𝒆𝒙𝒑
−
𝒛
𝒛𝟎 + 𝒇𝒎𝒃]     (𝟏𝟐) 
Where; 
H is the heaviside function, and 
Z is the corrected transformation depth 
Quantitative analysis regarding the spatial distribution of the monoclinic phase 
within the examined thickness of the material was carried out.  The monoclinic 
fraction Fm was deduced from an inverse Laplace transform of an exponential fit of 
Xm.  The fit of Xm data suggested that Fmb= 5.71×10
-10
, Fm0= 0.21 and Z0= 0.81.  
These findings can be interpreted as the monoclinic fraction Fm at the surface layer 
was 20.99% and decreased exponentially to a negligible concentration within the first 
0.81 µm (Z0) which is equivalent to a layer that is 2-3 crystals thick. 
Aged sample was analysed according to the above method.  Fitting of Xm data 
revealed that Fmb= 0.032, Fm0= 0.23 and Z0= 1.31.  The findings can be interpreted as 
the monoclinic fraction Fm at the surface layer was 22.93% and decreased 
exponentially within the first 1.31 µm (Z0).  As both curves of exponential degradation 
did not cross the x-axis, the estimation of Z0 from the fitting function was confirmed 
using first derivative (tangent line) fitting the data points obtained and incidence angle 
of 2º and 3º.  Z0 was 0.93 and 1.2 µm for as-received and aged samples, respectively.  
Experimental (Xm) and the real transformation depth profiles (Fm) of the monoclinic 
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phase in as-received and aged samples as well as a comparative plot of Fm of both 
samples are depicted in Figure 17.  Complete script including commands of fitting and 
inverse Laplace transform deduction is presented in Appendix D. 
Figure 17. Transformation depth profile along thickness of material as estimated by GIAXRD. 
Xm () is plotted against maximum penetrations depth of X-rays (D) at each incidence angle.  
Exponential function is fitted to Xm data (blue) to calculate experimental phase transformation 
depth profile.  An inverse Laplace transform was created (red) to determine real phase 
transformation depth profile (Fm) along corrected depth (z).  The depth of transformed zone was 
estimated using a first derivative linear function fitted to Fm profile (Amber). Top graph represent 
data from as-received sample, middle represent aged sample and bottom is a comparative graph of 
Fm for both samples. 









































2.6.2 Raman spectroscopy on discs and implants 
Raman spectroscopy is a non-invasive spectroscopic technique that is used to 
identify chemical composition of various substances and detect phase changes of 
multi-phasic and pleomorphic materials. It utilises monochromatic light in the 
UV/visible region, usually a laser, to illuminate a sample. It relies on the inelastic 
scattered irradiation to determine the vibrational and rotational status which is 
exclusive for each molecule (Colthup et al., 1990). 
When irradiated with a laser beam, Raman active materials undergo inelastic and 
elastic (Rayleigh) scattering. The former constitutes less than 1×10
-5
 of the scattered 
radiation beam and it is different from the original beam in terms of frequency. This 
sort of scatter is very relevant as it can be detected by a spectrometer after being 
amplified. The molecular basis of this process can be explained by the deformation of 
the electric field caused by laser beam interaction/excitation with electron clouds in the 
atomic structure. This eventually causes changes in the polarisability of the molecules 
with respect to its vibrational motion. The Raman spectrum is composed of Stokes 
(VF0-VFm) and Anti-Stokes (VF0+VFm) beams which have lower and higher 
frequencies than the original monochromatic beam (VF0), respectively. VFm is the 
vibrational frequency of the molecule (Colthup et al., 1990, Ferraro and Nakamoto, 
2012).  
On the other hand, elastic (Rayleigh) is the dominant type of scatter.  The 
scattered radiation has the same frequency of the original monochromatic beam.  This 
type of scatter poses a challenge to detect the weaker inelastic spectrum which can be 
masked by the predominant Rayleigh scattering.  Instruments such as notch filters, 
tuneable filters, laser stop apertures, double and triple spectrometric systems are used 
to reduce Rayleigh scattering (Colthup et al., 1990, Ferraro and Nakamoto, 2012). 
Raman spectroscopy has been widely used to investigate t→m phenomenon in 
zirconia ceramics. Having a confocal microscope arrangement linked to it, Raman 
spectroscopy has wide application in studying stress and/or hydrothermally induced 
t→m within Vickers indentation imprints and fractured surfaces (Clarke and Adar, 
1982, Bowden et al., 1993, Magnani and Brillante, 2005, Gogotsi et al., 2007, 
Pittayachawan et al., 2007).  The major advantages of Raman spectroscopy are its 
versatility and non-invasiveness.  The shape, physical state, geometry and colour of the 
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sample are not critical when using this testing method. In addition, samples do not 
require mounting or preparation steps such as coating or polishing.  This is of a major 
importance in studying zirconia based dental ceramics as mechanical grinding and 
polishing can induce t→m and undermine the reliability of the technique.   
Raman spectroscopy also allows studying small samples and confined areas 
within the same sample which is a pivotal feature that allows studying curved implant 
threads where the majority of stress concentration is believed to be present 
(Sanon et al., 2013).  However, materials with strong florescent characteristics can 
interfere with the quality of results (Ferraro and Nakamoto, 2012).  A simplified 
schematic representation of micro Raman spectroscopy is shown in Figure 18. 
In this project, Raman spectroscopy was used to investigate hydrothermally and 
stress-induced t→m in both injection moulded disc and implant Y-TZP samples.  A 
Renishaw inVia confocal Raman microscope operating with a 488 nm Ar
+
 laser at 10% 
power was used (Renishaw Gloucestershire, UK).  The machine was equipped with an 
ultra-low noise, high sensitivity RenCam CCD detector.  Images of the regions of 
interest were acquired using the ×20 and ×50 objectives of the coupled Leica confocal 
microscope.  Machine calibration was done before scanning samples using a reference 
silicone material.  Reference material was scanned using 488 nm Ar
+
 laser for 
one accumulation and for 1 sec acquisition time at full laser power. 
  
Figure 18. Schematic representation of Raman confocal microscopy/spectroscopy. 
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Figure 19. Reference Raman spectra for tetragonal, monoclinic and cubic phases of Y-TZP. 
Intensity of Raman scatter is plotted against Raman shifts for pure, single phase Y-TZP 
materials.  Peaks of the Raman spectrum of cubic phase completely overlap with peaks in the 
tetragonal phase spectrum.  Monoclinic phase has a distinct spectrum in the Raman shift 
range 100-400 cm-1 as shown in the inset.  
All samples were scanned for two accumulations, 30 sec acquisition time, 
2400 l/mm (vis) grating and 0% laser focus. Raman spectra of pure monoclinic, 
tetragonal and cubic zirconia powders (Tosoh, The Netherlands) were generated and 
used as reference samples for phase identification. Pure tetragonal powder was 
obtained from sintering 84% tetragonal and 16% monoclinic powder (TZ-3-YSE, 
Tosoh, The Netherlands).  Sintering process was performed in a standard furnace 
(Elite, Leicestershire, UK)  with heating rate of 100 ºC/hour until target temperature of 
1350 ºC that was maintained 2 hours. The sintered powder was left to cool down at 
room temperature.  
WiRE3.4 software was used to identify the distribution and quantify different 
phases in the created area maps (Renishaw, Gloucestershire, UK). Raman spectra of 
pure monoclinic, tetragonal and cubic powders are depicted in Figure 19. 
Characteristic peaks for each phase tabulated against Raman shifts are summarised in 
Table 6. 
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52 
Table 6. Peaks at Raman shifts for various, pure, single phase Y-TZP powders.  
Raman shift (cm-1) 
Monoclinic Tetragonal Cubic 
102.77 147.00 146.41 
178.39 260.67 256.74 
190.68 321.08 330.64 
221.89 463.96 469.59 
306.45 642.20 525.55 

















Representative as-received and aged discs and implants were studied.  Point 
scans and individual spectra within map scans were analysed using WiRE 3.4 
software.  When an area scan was done, 56 Raman spectra were acquired from 400µm
2
 
areas in as-received and aged discs.  For area scans, WiRE3.4 software was used to 
calculate overall monoclinic phase fraction within the entire scanned area based on 
basic component analysis model.   
The model was constructed based on reference spectra for pure powder samples.  
Statistical adjustment of lack of model fit and background (second degree polynomial 
function) was performed automatically by the software. For point scans and individual 
spectra within area scans,  WiRE3.4 software was used to calculate area under 
tetragonal peaks at Raman shifts ≈145 and 260 cm
-1
 and monoclinic peaks at Raman 
shifts ≈178 and 190 cm
-1
.   
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Figure 20. Comparative graph of Raman spectra obtained from pure tetragonal Y-TZP, 
as-received disc and implant. 
The amount of monoclinic phase volume fraction (Vm) was calculated using 
Equation 13, originally described by Clarke and Adar (Clarke and Adar, 1982): 
𝑽𝒎 =
𝑰𝒎
𝟏𝟕𝟖   + 𝑰𝒎
𝟏𝟗𝟎
𝑰𝒎
𝟏𝟕𝟖   +  𝑰𝒎
𝟏𝟗𝟎+ 0.97(𝑰𝒕
𝟏𝟒𝟓   +  𝑰𝒕
𝟐𝟔𝟎)
     (𝟏𝟑) 
Where; 
Im represents the area under monoclinic peaks at specific (superscripted) Raman shifts, and 
It represents the area under tetragonal peaks at specific (superscripted) Raman shifts 
Analysis of Raman spectra obtained from point scans revealed pure tetragonal 
phase composition of as-received disc and implant samples. Aged discs and implants 
had mean monoclinic phase volume fraction of 3.52±1.32% and 4.82±0.19, 
respectively. Representative Raman spectra obtained for as-received and aged discs 
and implants are presented in Figure 20 and Figure 21, respectively.  Obtained spectra 
were compared to reference Raman spectrum for pure tetragonal Y-TZP powder.  
  












Analysis of Raman spectra of the area scans obtained for as-received discs and 
implants revealed that less than 1% of the scanned area was composed of monoclinic 
phase. The studied area in the aged discs and implants contained 5.84±0.35% and 
6.17±0.71% of monoclinic phase, respectively. These values were calculated by 
WiRE3.4 software based on the reference spectra from the powder samples. 
The effect of machining on t→m was investigated using Raman spectroscopy. A 
scan along a line extending from unprepared to machined area was performed before 
and after hydrothermal ageing. Analysis of acquired Raman spectra was performed 
utilising WiRE3.4 software similar to area scans. For machined samples, highest 
concentration of monoclinic phase (approximately 2%) was noticed in the interface 
between machined and non-machined surfaces.   
Similarly, the highest concentration (approximately 4%) of monoclinic phase 
was in the area of interface in the machined-aged samples. This may be attributed to 
the difference in the nature of residual stresses and microstrain introduced in the 
interface (tensile stresses) and inside of the machined area (compressive stresses).  










Figure 21. Raman spectra for aged disc and implant. 
The composite graph demonstrated the appearance of peaks at Raman shifts characteristic 
for monoclinic phase (delineated with dashed rectangles) as a result of hydrothermal ageing.  
Spectra from aged disc (red) and implant (blue) samples are compared to pure tetragonal 
powder (green).  Inset demonstrates the unique difference between Raman spectra of 
monoclinic (orange) and tetragonal (blue) phases in Raman shift range of 100-400 cm-1. 
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Furthermore, machined areas exhibited relatively less monoclinic phase after ageing in 
comparison to interface and non-machined areas.  Monoclinic and tetragonal phase 
profiles were plotted along the line scan and presented in Figure 22 for representative 
machined and machined-aged samples. 

















































Figure 22. Monoclinic and tetragonal phase profile along line Raman scans in machined and 
machined-aged groups. 
 Raman spectra obtained along the line crossing mechanically ground and sound areas of as-
received (top) and aged (bottom) disc samples.  Monoclinic (red) and tetragonal (blue) 
phase fractions were calculated at 1 µm intervals using Clarke and Adar equation. 
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The effect of mechanical stimuli such as Vickers microindentation was also 
studied (microindentation procedure explained in Section 3.2.4).  Vickers indentations 
were made in as-received and aged samples.  The indenter’s imprint and surrounding 
area was studied using Raman spectroscopy.  Area scans were performed and analysed 
as described earlier in this Section.  The area including the Vickers indentation in the 
as-received sample revealed that 20.36% of the material was permanently transformed 
to monoclinic phase as a result of stress-induced t→m.  The overall value was 
calculated directly utilising basic component model constructed using WiRE3.4 
software.  Individual Raman spectra within the area scan were analysed according to 
Equation (13) to calculate monoclinic phase fraction at specific points within the area.  
Values were used to construct a phase fraction map that was overlaid on the 
indentation imprint micrograph obtained during Raman spectral acquisition. Highest 
amount of monoclinic phase was noticed at the corners of the imprint where cracks 
propagate most of the time. Moreover, a high percentage of monoclinic phase was 
notably present in the area where the side planes of the indenter applied the load. 
Diagonal line scans across the centre and the sides of the indentation imprint were 
acquired to confirm the above findings. Similar to area scans, the sides of the imprints 
exhibited the higher monoclinic phase fraction in comparison to the centre in both, 
as-received and aged samples. Monoclinic phase fraction along the line scan for 
as-received and aged samples was profiled and data indicated that the monoclinic 
phase diminished in areas away from the indent.  Figure 23 shows mapped and line-
profiled monoclinic phase fraction around Vickers indentation imprint made on 
as-received sample.  
Hydrothermal ageing and Vickers indentation had similar pattern and amount of 
t→m where 23.12% was permanently transformed to monoclinic phase as a result of 
the two processes combined.  The monoclinic phase fraction along the line scan for an 
aged sample was also profiled and results were similar to map data as the monoclinic 
phase diminished in areas away from the indent.  Figure 24 shows the monoclinic 
phase fraction map and line profile overlaid on Vickers indentation imprint made on 
aged sample.  
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Figure 23. Monoclinic phase map and line profile within Vickers indentation imprint on 
as-received sample. 
Top, phase transformation map around indent.  The increase in red hue demonstrate 
higher monoclinic phase.  Areas marked with (***) indicated pure tetragonal phase or 
monoclinic phase below detectable level.  Bottom, line profile of monoclinic and 
tetragonal phase fractions along diagonal running outside the indent, crossing two sides 
and the centre (----). 
























    
Figure 24. Monoclinic phase mapping and profiling around Vickers 
indentation imprint on aged sample. 

























Fractured surfaces obtained from biaxial flexural strength test (Section 3.2.2) 
were also examined using Raman spectroscopy.  The distribution of monoclinic phase 
was determined in the area of fracture origin and along the whole thickness of the 
fractured surface using point and area scans in as-received and aged samples.  Point 
scan of the fracture origin in as-received sample revealed that 7.29% of the studied 
area was permanently transformed to monoclinic phase. An area scan of the whole 
fracture origin in the same sample revealed an approximately similar value, 5.15%. An 
aged sample exhibited higher monoclinic phase fraction in the fracture origin. Analysis 
of Raman spectra revealed 15.27% and 12.07% of monoclinic phase fraction in the 
fracture origin according to point and area scans, respectively.  Mapping of the 
monoclinic phase across the whole thickness of the fractured surfaces was performed 
using WiRE3.4 software.  Monoclinic phase was concentrated in the areas of fracture 
origin (the area subjected to tensile stresses) and in the centre of the fractured surface 
where primary Wallner line propagated.  Figure 25 shows monoclinic phase 
distribution across the thickness of fractured an as-received sample.  
  
Figure 25. Monoclinic phase fraction Raman map across fractured surface. 
MicroRaman map of monoclinic (red black hue) and tetragonal (green) phase 
fractions.  Monoclinic phase concentrated in area of primary Wallnar line () and 




2.6.3 Synchrotron diffraction on discs and implants 
Synchrotron radiation is a type of electromagnetic radiation that is generated 
from charged particles (electrons or positrons) moving along curved trajectories, with a 
large radius of curvature at ultra-relativistic speeds. Synchrotron radiation is 
intrinsically superior to laboratory generated X-Rays used in bench XRD techniques 
due to higher beam brightness and intensity in several hundred orders of magnitude in 
comparison to laboratory X-Ray tubes (Willmott, 2011). 
Synchrotron radiation can be invaluable in studying the LTD phenomenon in 
Y-TZP dental ceramics. The high energy and intensity beams have the ability to 
penetrate the whole thickness of the sample and thereby, provide essential information 
about the crystalline structure of the surface as well as the bulk of the studied material.  
Synchrotron X-Ray diffraction data was collected using Beamline I15 at the 
Diamond Light Source, UK.  A 100×100 µm
2
 Synchrotron X-Ray beam, 67 keV, was 
used to penetrate through discs and implants.  A 2D detector array (Perkin Elmer 
1621 AN) was used to collect Debye-Scherrer rings from each sample. Representative 
Debye-Scherrer rings obtained from as-received and aged discs are presented in 
Figure 26. 




The program Fit2D was used in order to generate 2θ/intensity plots from the 
image plate. 2θ data was converted to D-spacing (d) and further to laboratory XRD, 2θ 







)   (𝟏𝟒) 
Synchrotron diffraction data was plotted for as-received, aged, machined and 
machined-aged discs in addition to as-received and aged implants. Beam was incident 
on the samples and diffraction patterns were collected in transmission geometry for 
1.6-11.8 2θ range (or 10-110 2θ range according to conventional lab XRD parameters 
using Cu radiation). Data was plotted using OriginPro software (version 9.1, 
OriginLab, USA). 
An X-Ray diffraction pattern for pure tetragonal Y-TZP powder was obtained for 
2θ range (10-110º) using a Phillips X'Pert Powder diffractometer (Panalytical B.V, 
The Netherlands) with Ni filtered Cu Kα1 (1.5406 Å) at generator voltage and tube 
current of 40 Kv and 40 mA, respectively. The obtained diffraction pattern was used 
for comparison with Synchrotron diffraction data. 
Synchrotron diffraction patterns for all samples were completely 
indistinguishable.  Upon comparison with the XRD pattern of pure tetragonal Y-TZP 
powder they were identical.  All diffraction patterns were compared to reference, stick 
diffraction pattern obtained from ICCD (Yashima et al., 1994).  Synchrotron and 












Figure 27. Comparative Synchrotron X-ray diffraction obtained for representative samples from all experimental groups. 
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2.6.4 Direct characterisation and imaging techniques 
Crystallographic techniques detect the crystallographic changes as a result of 
hydrothermally- or stress-induced t→m.  Surface profilometry and SEM, can however 
be used to image directly the effect of LTD and its subsequent morphological and 
structural changes in the transformed layer. The transformed layer appears rougher 
owing to uplifts, microcracking and extensive crystalline pull-out among the 
transformed crystals.  Additionally, LTD can be identified by SEM as microcracking 
increases the contrast of the transformed area (Chevalier et al., 2007b).  High 
resolution transmission electron microscopy (TEM) can also be used in a similar 
fashion.  Additionally, it can be used to collect diffraction patterns of single or multiple 
crystals that can be further analysed and matched to monoclinic or tetragonal reference 
patterns. 
2.6.4.1 White light interferometry or optical profilometry 
Surface profilometers produce a high resolution surface map of a studied sample. 
Profilometers can be divided into contact and non-contact types. The former utilises a 
diamond stylus to analyse surface topography. The movement of the stylus along the 
sample dictates the surface profile. Non-contact or optical profilometers utilise light 
and optical systems for data acquisition. The relative difference in the vertical position 
of the tested surface with respect to the optical system and difference in light reflection 
dictate the surface profile. Optical profilometers are widely used for surface 
characterisation owing to their extremely high, sub-micron resolution and the ability of 
maintaining the integrity of the sample as opposed to stylus based, contact 
counterparts. Simplified schematic representation of optical interferometery 
profilometer is shown in Figure 28. 
In this project, four discs were mounted using a transparent acrylic resin 
(ClaroFast, Struer, UK) utilising an electro-hydraulic programmable dual cylinder hot 
mounting press (CitoPress-20, Struer, UK).  Samples were then mirror polished using 
Tegramin preparation system-20 (Struer, UK).  The process comprised of four stages, 
plain grinding, fine grinding, polishing and oxide polishing.  Various stages and 
products used are shown in details in Table 7.  Optical microscopy at ×1000 
magnification using Dark Field and Differential Interference Contrast was used to 
assess levels of remaining deformation (BXiS, Olympus, UK).  Two discs were 




Table 7. Summary of Y-TZP discs polishing protocol. 




Surface roughness was assessed using a 3D white light, optical (interferometery) 
profilometer (NPFLEX, Bruker, UK).  Three random areas (1 mm×0.84 mm) within 
each sample were scanned.  All measurements were made using vertical scanning 
interferometery mode, scan speed of 1 mm/sec and a standard working distance 
objective of ×100. Vision64
®
 software (Bruker, UK) was used to analyse acquired data 
and apply a Gaussian filter to flatten the acquired images.  The mean 3D, aerial 
roughness-height descriptive parameter (Sa), and its 2D roughness parameter analogue 
(Ra) were calculated for polished and polished-aged groups samples (n=2 per group). 
Sa represents the arithmetic mean of the absolute values of the surface departures 
from the mean plane. Ra represents arithmetic mean of calculated roughness height 
calculated over the entire a measured line profile length.  
Polished samples exhibited a mean Sa and Ra values of 19.23±1.24 nm and 
19.83±0.81 nm, respectively.  Polished aged samples had significantly higher mean Sa 
and Ra values as indicated by one-way ANOVA test, p <0.05 (23.11±0.88 nm and 
23.74±1.27 nm, respectively).  In contrast to polished samples, scans from polished-
aged samples revealed 3-10, bead-like structures.  Such structures may represent the 
uplifts, crystalline pull-outs or martensite reliefs associated with the hydrothermally 
induced LTD.   
Topographical maps and surface roughness profile of representative areas in as-




  Figure 29. White light interferometry for mirror-polished Y-TZP discs. 
Surface roughness map (top), x-axis line profile (middle) and y-axis line profile (bottom) of 
as-received (left) and aged (right), mirror-polished Y-TZP discs.  Arrows point at martensite 
reliefs or surface pull-outs as a result of hydrothermally induced tm.  
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2.6.4.2 Scanning electron microscopy 
SEM can be used to examine the effects of LTD on the surface of Y-TZP 
materials. It can detect uplifted, transformed zones and microcracks.  However, the 
high depth of field of SEM renders them suboptimal with regard to detection and 
quantification of early stages of LTD (Chevalier et al., 2007b).  In order to study the 
depth/extension of LTD in the material, a cross section of the material should be 
prepared.  This, in fact, poses a challenge as grinding and polishing of Y-TZP material 
may cause further stress induced t→m and subsequent microcracking.  
Under SEM, areas unaffected by LTD exhibit a dark grey or black colour while 
transformed zones have bright white colour owing to the increased contrast as a result 
of microcracking and loss of crystal cohesion (Chevalier et al., 2007b).  Under high 
magnifications, intergranular cracks can be seen as a result of LTD.  Crystal twinning 
is another sign of t→m that can be seen in subsurface layers upon imaging a cross 
section of the material (Sanon et al., 2013).  Crystal twinning can be looked at as the 
subsurface polymorph of surface uplift.  It occurs as the transforming tetragonal grain 
is mechanically constrained within the dense crystalline lattice and the formation of 
martensite relief is not possible.  Loss of grain boundaries is a notable consequence to 
such an event.  The combination of these changes causes the transformed layer to 
appear distinctively heterogeneous in comparison to the homogenous tetragonal 
crystals (Keuper et al., 2014).  
A non-invasive cross section preparation that has minimal potential to induce 
t→m on Y-TZP sample has been made feasible with the introduction of focused ion 
beam (FIB) systems. Addition of an electron beam column and integration of SEM to 
FIB systems (Dual beam FIB-SEM) have revolutionised preparation and imaging of 
delicate and sensitive samples and opened novel avenues for preparing samples for 
material analysis (Langford and Clinton, 2004).   
FIB-SEM has been widely used to study hydrothermal and stress-induced t→m 
in zirconia ceramics.  This is attributed to the versatility of such systems that allow 
studying LTD in irregular, non-flat samples such as the threads of dental implants.  
Additionally, FIB-SEM enabled studying t→m induced at micron scale within nano- 
and micro-indentations (Gaillard et al., 2008, Niu et al., 2008, Helmick et al., 2011, 
Jiménez-Piqué et al., 2012, Massimi et al., 2012, Nickel et al., 2013, Sanon et al., 
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2013, Keuper et al., 2014).  In a classical geometrical arrangement of FIB-SEM 
systems, FIB milling is performed perpendicular to the sample surface.  The sample is 
tilted at 52º in relation to the SEM electron beam as shown in the oversimplified 
schematic representation (Figure 30). 
In this project, a FIB-SEM system was used to investigate the effect of 
hydrothermal ageing on the studied discs and implants.  The work was performed at 
the Leeds Electron Microscopy and Spectroscopy Centre in the University of Leeds.  
The FIB-SEM system was comprised of precise FIB and a high resolution SEM with 
etch and deposition capabilities and equipped with a Schottky field emission source 
(Nova 200NanoLab, FEI, USA).  A liquid gallium ion source was used to operate the 
FIB at a voltage of 30 kV.  
For the disc samples, a random area in the centre of the sample was chosen for 
investigation.  Whereas in implants, acquisition was performed in the tip of the first 
thread in the endosseous part of the implants.  Samples were sputter coated with 
20 nm thick layer of platinum using a high resolution sputter coater (Agar 
scientific, UK).  A 1 μm thick protective layer of platinum was deposited on the area 
of interest.  This layer helps to maintain the fine details of the top most surface of the 
studied slice by preventing ion induced damage and milling artefacts.  Milling currents 
varied from 0.3–3 nA for large material volume removal.  Taking into account the 
wedging effect and redeposition of milled particles, a volume of 15×30×30 µm was 
Figure 30. Schematic representation of FIB-SEM setup. 
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removed initially in order to produce a milled slice that was at least 20 µm deep and 
10 µm wide. A lower current (10–50 pA) was used for cleaning and refining the area 
of interest from artefacts and re-deposited material.  Ion beam etching was performed 
to enhance contrast of the grain boundaries.  SEM images were acquired at high 
magnifications in secondary electron (SE) and backscattered electron (BSE) modes 
using conventional Everhart–Thornley (ET), the lens (TL) and Palladium constant 
pressure (PD(CP)) detectors.  A low primary beam voltage of 3–5 kV was used for 
acquisition to minimise sample charging.  Figure 31 demonstrates step by step the 
technique to prepare a single slice using FIB. 
The as-received discs and implants demonstrated similar crystalline features 
when imaged at high magnifications. SE and BSE imaging revealed homogenous and 
dense crystalline structure.  No porosity or voids could be detected within the studied 
cross sections.  Crystals demonstrated a diameter less than 500 nm with well-defined 
grain boundaries.  Al2O3 particles were scarcely dispersed over the examined areas of 
interest. The obtained slices were thoroughly examined for any of the reported signs of 
LTD including; microcracking, crystal twinning, crystal pull-out or loss of material 
homogeneity.  Within as-received implants and discs, none of these signs could be 
detected upon using various types of detectors.  These features are demonstrated in 
Figure 32. 
Examination of hydrothermally aged samples revealed minimal surface changes. 
The superficial 1-2 µm were distinctively different from the underlying material which 
can be attributed to t→m. The layer looked heterogenous, crystals exhibited ill-defined 
boundaries, the appearance of some areas suggested presence of crystal twinning 
and/or pull-out. The transformed area had different contrast and poor resolution upon 
imaging which made detection of microcracks unfeasible.  The material below the 
transformed zone exhibited features similar to those for as-received samples as shown 




Figure 31. Stages of FIB-SEM processing and imaging of zirconia dental implant. 
A, Determination of area of interest at the zenith of first implant thread.  B,  Deposition of platinum layer (→).  C,  Defining 
dimensions of area to milled.  D,  Initial high current ion beam milling.  E,  Further material removal to expose larger area for 
higher SEM magnification.  F,  Appearance of the section of interest after first low voltage ion etching cycle. 
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Figure 32. FIB section from as-received implant viewed SEM at high magnification  
FIB created section showing densely packed, well-defined, homogenous crystals.  Platinum 
layer is annotated with (**).  No signs of tm could be detected in the surface, subsurface or 
bulk layers of the material.  Views were captured using TLD (left) and ETD (right) detectors 
** ** 
Figure 33. FIB created section from aged sample showing loss of homogeneity of the surface 
crystals () which could be a sign of tm.   
The subsurface and bulk layers of the material demonstrated characteristics similar to 
as-received counterpart.  Area annotated with () is an artefact. 
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The use of FIB-SIM enables the study of a small area that may or may not be 
representative of the whole sample. The use of a non-invasive and damage-free 
preparation method was envisaged to image larger areas.  Ion beam milling systems 
are essentially similar to FIB but perform at a larger scale. They can be used for cross-
section polishing of SEM samples, such as zirconia, that can be adversely affected by 
mechanical polishing. In this project, a vacuum load-lock and liquid nitrogen cold 
stage ion polishing system was used to prepare as-received and aged discs for SEM 
analysis (Ilion
+
 II System, model 697, Gatan, UK).  Prior to ion beam polishing, as-
received and aged discs were cross sectioned using metal electroplated diamond 
cutting wheel operated in table top cut-off machine at 0.1 mm/sec feed speed and 
rotational speed of 1000 rpm (Accutom-5, Struers, UK). Copious amount of water 
cooling was used during the process. The broad beam ion polishing system was used to 
prepare a triangular area (150 µm deep, 600 µm wide at the base) from the cross 
section of the as-received and aged samples as shown in Figure 35. 
Figure 34. Comparative FIB-SEM image for as-received (left) and aged (right) implants.  
Aged sample demonstrated transformed < 1µm layer as indicated by the loss of crystal 
homogeneity, ill-defined boundaries or the so called, crystal twinning.  The bulk of the 
material was still untransformed in both samples.  
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The system operated with dual Ar
+
 guns (0.29 and 0.32 µA), beam energy of 6.0 keV, 
20º milling angle and operating chamber pressure of (7×10
-5
Torr).  Samples were then 
sputter coated with 10 nm thick layer of platinum using Agar high resolution sputter 
coater (Agar scientific, UK).  Polished areas were examined using high resolution 
SEM equipped with cold field emission gun (Series SU8230, Hitachi, Japan).  
Characterisation of elemental composition of representative as-received sample was 
carried out using EDS system (Oxford Instruments, UK). The system is equipped with 
a silicone drift detector (X-Max
®
) and pulse processor (x-stream-2) (Oxford 
Instruments, UK).  Data was analysed using sophisticated elemental analysis software 
(AztecEnergy, Oxford Instruments, UK).   
The as-received sample exhibited similar crystallographic features to those observed 
upon using the FIB-SEM system.  The sample exhibited a dense crystalline structure 
and well-defined grain boundaries.  None of the characteristics signs of LTD was 
noticed in as-received sample.  Figure 36 shows SEM images at different 
magnifications and with different detectors for a representative as-received sample. 
EDS analysis revealed material is composed of O, Zr, and Yt in addition to traces of 
Al and Hf. The black grains scarcely dispersed within the crystalline structure were 
agglomerates of alumina as shown in Figure 37.  The aged sample exhibited minimal 
surface changes associated with t→m.  Crystal pull-out was confined to the surface of 
the material. The depth of the affected area did not exceed 2 µm at maximum.  The 
bulk of the material beyond the transformed zone was completely ‘healthy’, displaying 
none of the signs of LTD as shown in Figure 38. 
Figure 35. Partial ion broad beam polishing of machined zirconia sample. 
The polished triangular zone intervening between mounting screw and 
machined part of the sample  
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Figure 36. High resolution SEM images for ion broad beam polished as-received sample. 
Left,  larger area and number of crystals was investigated in comparison to samples studied with FIB-SEM.  Crystals appeared homogenous 
and had well-defined boundaries.  No signs of tm could be detected.  An evidence of crystal pull-out can be noticed on left corner of the 
image as annotated with (           ).  Smaller black particles (         ) are composed of alumina, as will be shown in Figure 37.  Top right, zoom 
in the area highlighted with yellow square demonstrating the integrity and well defined crystal boundaries.  Bottom right, a similar 
magnification to (left) but using different detector.  Alumina particles can be seen protruding out of the surface as they may be more 




Figure 37. Elemental map for as-received sample obtained using EDS coupled SEM. 
Left,  SEM field analysed using EDS.  Middle.  Composite elemental map for the studied region of interest showing localised concentration 
of aluminium (        ) in the area corresponds to black particle (yellow dashed square in the left SEM image).  Right, individual elemental 
maps for O, Zr, Y and Al. 
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Figure 38. High resolution SEM images for ion broad beam polished aged disc sample. 
Left, signs of tm could be detected at the most superficial layer of the studied sample.  An evidence of significant crystal pull-out can be 
noticed in the area delineated by yellow dashed square.  A higher magnification of this area can be seen in the top right image.  Bottom 
right, zoom in the area annotated with (         ) and demonstrating the ill-defined crystal boundaries and possible crystal twinning which are 
important signs on the tm.  All images show that tm was localised to the surface as the subsurface and bulk layers recover normal 
characteristics noticed in as received material. 
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2.6.4.3 Transmission electron microscopy 
Determination of the integrity (lack of LTD) depending on homogeneity and 
border definition of the crystals is a rather subjective and deliberate method.  The use 
of a more objective method was proposed and envisaged.  High resolution TEM allows 
imaging of crystals as well as obtaining electron diffraction pattern for single or group 
of crystals.  Each material or phase of material has a unique diffraction pattern 
determined by the atomic setup.  A diffraction pattern provides structural details 
regarding the sample’s orientation, crystallographic structure, symmetry, lattice 
parameters, various phases if present and whether they are crystalline or amorphous.  
Such features allow comprehensive analysis of the tm in Y-TZP materials. 
As the name implies, TEM work in transmission mode where a beam of 
electrons from an electron source travels through a sample and undergoes a series of 
interactions. The unscattered electrons are then refocused utilising electromagnetic 
lenses and projected on a fluorescent screen. The resultant image is a shadow image of 
the sample where dense parts of the sample appear darker. Thus, the samples examined 
under TEM should be ultra-thin in order for the electron beam to be transmitted 
through. Many techniques have been used in order to achieve adequate TEM sample 
preparation including; electropolishing, broad ion beam milling and most recently, 
FIB-SEM (Langford, 2006).  
The latter technique demonstrates superior performance for preparing TEM 
samples which is attributed to; (1) ability to navigate to a region of interest under 
extremely high magnification utilising the coupled SEM, (2) avoiding ion-induced 
damage for the area of interest, (3) the change in the sample brightness of images 
acquired with SE mode while it is being thinned can be used to monitor its thickness, 
(4) TEM lamellae can be prepared to within 50 nm of a feature of interest which allow 
studying minute defects and interfaces, (5) the accuracy of positioning a TEM lamella 
utilising FIB-SEM is dramatically higher in comparison to other methods, (6) a 
limited amount of circumferential milling is required as the FIB is near perpendicular 
to the surface of the sample, (7) TEM lamellae can be prepared in a relatively short 
time and (8) TEM lamellae can be prepared from samples with irregular or unusual 
geometries such as screw-shaped dental implants. Utilising this technique, there is no 
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need for mounting/embedding, plain grinding and polishing (Langford and Clinton, 
2004, Langford, 2006). 
In this project, the milled/imaged surfaces prepared by FIB-SEM (as  
discussed in Section 2.6.4.2) were converted into electron transparent lamellae 
13 µm×5 µm ×50 nm. This was achieved utilising the microsampling technique first 
described by Ohnishi et al. (1999) (Ohnishi et al., 1999). The technique was utilised in 
an in-situ lift-out fashion where a thin lamella (13 µm ×5 µm ×0.4 µm) was prepared 
by milling away surrounding material apart from an anchor point. A range of voltages, 
probe sizes and different beam currents were used during this procedure. A platinum 
needle tip attached to manipulator was inserted in the platinum protective layer 
deposited earlier and then the anchor point is milled to free the lamella.  The Lamella 
was then mounted to a TEM slot by local platinum welding. The needle was then 
severed and moved away.  Finally, the lamella was further thinned using a lower beam 
current (0.1-0.3 nA) until an electron transparent final thickness was achieved (50 nm).  
Lamellae obtained from as-received and aged implants were examined using high 
resolution field emission gun TEM operating at 200 kV (Tecnai, FEI, USA).  TEM 
images and electron diffraction patterns were acquired with a CCD camera 
(SC600A Orius, Gatan, UK) and high-angle annular dark field (HAADF) detector.  
Diffraction patterns were analysed utilising DigitalMicrograph™ software (Gatan 
Microscopy Suite, UK) as follows; images for electron diffraction patterns obtained 
from TEM were calibrated using the software according to the scale bar embedded in 
the image.  Then, atomic interplanar distance (d-spacing) was calculated for each 
pattern.  Obtained data was matched to crystallographic parameters of reference 
tetragonal and monoclinic Y-TZP material. 
Examined crystals within the subsurface of lamellae obtained from as-received 
and aged implants revealed similar crystalline features as shown in Figure 39 and 
Figure 40, respectively.  Both samples exhibited well defined, sub-micron and densely 
packed crystals.  Spot electron diffraction patterns were obtained for single crystals.  
Analysis of electron diffraction data revealed D-spacing values similar to those for 
reference tetragonal Y-TZP.  Surface crystal could not be investigated as they were lost 




Figure 39. TEM analysis of FIB-prepared lamella obtained from representative as-received sample. 
Left,  lamella mounted in TEM grid where the ion beam induced surface damage can be seen.  Middle,  magnification of the area delineated 
with dashed yellow rectangle.  Well-defined crystal boundaries can be seen with no evidence of microcracking.  Right top, high 
magnification of single crystal that was imaged to obtain single crystal diffraction pattern (bottom right).  Analysis of interplanar or 










The used ageing cycle in this study (Section 2.4) was chosen to simulate in vivo 
LTD for what is equivalent to a reasonable lifetime for a dental appliance (i.e. at least 
10 years).  In addition, it was chosen to conform to the ISO standards for testing 
ceramic surgical implants (ISO 13356, 2008).  We assumed that the LTD activation 
energy of the tested material was similar to that calculated by other authors  The 
assumption was made on the grounds of close resemblance between the two material’s 
chemical composition and microstructural features.  Additionally, the authors utilised 
kinetics-based method and exploited temperature, time and transformation (T-T-T) 
curves to extrapolate LTD rates to body temperatures (Chevalier et al., 2007b, 
Chevalier et al., 2009).  This technique is allegedly reported to be the single most 
important method to provide a robust lifetime prediction utilising intermediate 
temperatures (Lughi and Sergo, 2010).  Assuming validity of this assumption, the used 
ageing cycle in this project may mimic 15-20 years of in vivo LTD 
The rate of LTD is highest at temperature range of 200-300 ºC (Kobayashi et al., 
1981, Cales et al., 1994, Piconi and Maccauro, 1999).  LTD requires several years in 
order to take place at in vivo or room temperature.  It probably requires longer period 
to have pronounced effect on the crystalline structure and reliability of the material.  
Long-term, real-time, in vivo (body temperature) or room temperature LTD or stress-
induced t→m data on monolithic zirconia ceramics is currently scarce (Sergo and 
Clarke, 1995, Sergo et al., 1995, Piconi et al., 1998, Lughi and Sergo, 2010).  In 
simple terms, 10-years LTD or stress induced t→m data require a 10-year study, which 
is neither feasible nor practical.  Therefore, t→m rates and thereby LTD kinetics and 
Y-TZP lifetime at room temperature have been estimated until now from accelerated, 
intermediate temperature ageing experiments. 
The use of this approach for extrapolating room-temperature predictions may 
however be subjected to serious imperfections.  This problem is twofold, the 
significant disparity within the reported activation energy for Y-TZP materials and the 
excessive differences between t→m rates induced at room temperature in comparison 
to intermediate temperatures (100-300 ˚C).  Lughi et al reviewed published LTD 
activation energy values for various Y-TZP materials with a similar composition.  
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They found that activation energy varied significantly (56-106 kJ/mol) with grain size, 
density, testing conditions and temperatures (Lughi and Sergo, 2010).   
Few studies reported significantly high t→m rates despite performing room 
temperature, in vitro ageing.  On one hand, such findings may be irrelevant as LTD 
rates in these studies were measured for zirconia thermal barrier coatings.  The high 
porosity of such structures renders them highly susceptible to LTD in the first place.  
On the other hand, if such a high t→m rate took place in environment with almost 
negligible amount of residual stresses, the amount of LTD induced by hydrothermal 
ageing at 134 ºC and 2 bar (with significant residual stresses) for 1 hour will be by no 
means representative of 2-3 years of 37 C ageing (Lughi and Sergo, 2010).  
The validity of accelerated ageing studies at intermediate temperatures received 
another setback following the very recent striking LTD data published by Keuper et al 
(2014).  The authors investigated the effects of five years, wet and dry storage at 37 ºC 
on the LTD within a commercially available, sintered, white body Y-TZP material.  
They also compared between prolonged 37 ºC storage and accelerated ageing using an 
autoclave at 134 ºC.  Their findings remarkably indicated that a pronounced linear, 
surface to bulk progression of LTD upon storage at 37 ºC and under minimal water 
pressure.  The obtained data at low temperatures exhibited delayed-onset behaviour, 
where t→m started after an incubation period ranged between 0-7 months as opposed 
to the immediate start of t→m in accelerated ageing.  More interestingly, the thickness 
of the LTD affected layer after four years of 37 ºC storage was similar or larger when 
compared to accelerated hydrothermal ageing for five hours (which supposedly 
simulate 10-20 years of in vivo LTD at 37 
°
C) as indicated by FIB-SEM 
(Keuper et al., 2014).  Additionally, the thickness of the transformed zone was at least 
triple when compared to our investigation.  These findings may cast doubt on the 
validity of accelerated, short-term hydrothermal ageing studies and long term-
alternatives may be required. In fact, some long-term hydrothermal ageing studies on 
Y-TZP materials at intermediate temperatures revealed extensive LTD and strength 
degradation (Binner et al., 2011, Cattani-Lorente et al., 2011, Paul et al., 2011, 
Kohorst et al., 2012).  The work on this project started in 2010 when these findings 
were not in press yet.  Thus, the use of one accelerated LTD protocol can be 
considered as an inevitable downside of the study.  A future work with extended, 
intermediate temperature and 37 ºC are required for further verification of LTD in this 
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particular material.  This is particularly important given that the above cited work is 
the first of its type and requires rigorous appraisal. 
The macroscopic effect of LTD can be significantly catastrophic to an extent that 
negates the use of zirconia as an implant material.  However, several studies showed 
that LTD can be minimised to biologically acceptable levels by optimising 
manufacturing process, use of optimum crystal size, removal of impurities and 
embracing the use of various LTD-resistant materials such as alumina-zirconia 
composites and ceria-doped zirconia.  Zirconia blanks showed no significant 
deterioration in mechanical properties after being embedded into the medullary cavity 
of the tibia of rabbits for a period of 30 months.  It was also reported in the latter study 
that zirconia can be used clinically as it retains a bending strength of over 700 MPa 
after being immersed in 95°C saline solution for over 3 years (Shimizu et al., 1993).  
Consistent findings were reported by Cales et al. (1994) who concluded that zirconia 
implants used in hip replacement surgeries maintained sufficient mechanical properties 
when recovered two years after implantation procedure (Cales et al., 1994).  Other 
studies remarked that conflicting data on the survival and strength of these implants 
can be attributed to the microstructural design and quality of the ceramic 
manufacturing (Cales, 2000, Chevalier et al., 2007b, Chevalier et al., 2009, Lughi and 
Sergo, 2010). 
Jerome Chevalier is the brightest name in field of zirconia ageing with numerous, 
widely cited publications on this subject.  In his extensive review on LTD of zirconia 
biomedical implants, he, along with his co-workers, concluded that “although in the 
1990s Y-TZP ceramics were considered very promising materials for biomedical 
applications, long-term follow-up is needed to address the critical problem of aging in 
vivo and its negative impact on orthopaedic implant durability. As 600,000 patients to 
date have been implanted with zirconia hip joint heads, a careful explant analysis must 
be conducted, with a special emphasis on LTD-microstructure relationships. However, 
most zirconia implants were processed at a time when ageing was not yet fully 
understood. Methods to assess a priori the agieng sensitivity of a given zirconia 
ceramic have been developed and should lead to safer implants. In the meantime, new 
zirconia or zirconia-based materials that overcome the major drawback of the 
standard Y-TZP are now available” (Chevalier et al., 2007b). 
 
84 
Studying t→m phenomenon utilising a single technique provides an incomplete 
picture of LTD and its potential effects.  This is attributed to the inherent limitations of 
each individual technique.  The effect of hydrothermal ageing and stress induced t→m 
was investigated using several distinct, complementary techniques in Section 2.6.  To 
the knowledge of the author of this work, this is the only project that has studied LTD 
phenomenon in an injection-moulded Y-TZP dental implant material.  In Section 2.6.1, 
XRD data revealed that the discs and implants exhibited similar crystallographic 
features.  Both samples were comprised of tetragonal and monoclinic phases.  
The cubic phase could not be detected in the studied material as opposed to 
others investigations (Cattani-Lorente et al., 2011).  This can be attributed to the close 
proximity of crystallographic features of the two phases which render them 
indistinguishable with regard to XRD (Argyriou and Howard, 1995).  An extreme 
example on the limited ability of laboratory XRD to differentiate between 
crystallographically similar compounds is presented in Figure 41.  Rietveld refinement 
of diffraction patterns obtained with neutron radiation may have greater potential to 
differentiate between these two phases owing to the greater sensitivity to; light atoms 
symmetric peak shape and scattering at higher diffraction angles (Ilavsky and Stalick, 
2000).   
Figure 41. Identical X-ray diffraction patterns for completely different compounds. 
Top, XRD pattern of Yttrium Arsenide Sulfide, a highly toxic compound. Bottom, XRD pattern 
of table salt. Graph used with permission from Dr. Tim Comyn. 
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The initial monoclinic phase fraction can be affected by the ethylene oxide 
sterilisation process. This process involves exposing samples to 40 ºC, minimal steam 
pressure and injections of gases for at least three hours. Despite the low temperatures 
and pressure, such conditions may induce LTD or affect the sensitivity of the material 
to LTD (Keuper et al., 2014).  Hydrothermal ageing doubled the amount of monoclinic 
phase in both discs and implants.  The volume fraction was however still below the 
maximum limit set by the ISO standards for surgical implants (ISO 13356, 2008).  
Hydrothermal ageing generated a highly textured monoclinic phase in 
(111, ¯111) directions.  This can be an exacerbation of a pre-existing texture as a result 
of the injection moulding manufacturing.  This however cannot be confirmed as the 
second monoclinic peak was not present in the diffraction data for as-received samples.   
Texture or preferred orientation may also be responsible for the significant 
disparity of the results obtained by the two data analysis methods used to estimate 
monoclinic phase fraction.  The Rietveld refinement method is very effective in 
adjusting for preferred orientation.  However, it could not be used in this study as the 
diffraction data was obtained over a small 2θ range where only two peaks of 
monoclinic and a single tetragonal phase peaks are present.  A full range diffraction 
data (2θ: 10-110) analysed by Rietveld refinement can theoretically resolve the 
problem.  However, this solution was precluded as increasing 2θ will increase the 
depth of X-Ray penetration which thereby changes the area under investigation.  
Additionally, peak overlap may be notable at high angles of reflections. Such issues 
can be considered as the major drawback for using Rietveld refinement for studying 
XRD in solid materials.   
The use of Toraya’s modification of Garvie and Nicholson’s equation may also 
be unreliable as it does not take in consideration the effect of preferred orientation.  A 
preliminary pilot work using EBSD confirmed presence of texture or preferred 
orientation in as-received samples.  However, the difference in surface texture prior 
and after hydrothermal ageing could not be estimated using this technique.  This was 
attributed to the large number of crystals with ‘no solution’ or unidentifiable 
orientation in aged samples as shown in Figure 42.  The possible cause of this problem 
is described later in this Section. 
 
86 
Whether the Rietveld refinement method is underestimating or Toraya’s 
modification is overestimating the monoclinic phase fraction was something that could 
not be determined.  Several attempts were made to study this area of uncertainty 
utilising known weight percentages of pure monoclinic and tetragonal Y-TZP powders.  
Obtaining a homogenous mixture of the two powders was impossible despite 
meticulous mixing methods including; long-term trituration or evaporating solvent 
used to mix small quantities of powders.  This is a direct result of the different 
densities and thus volume of both powders.  Tetragonal powder is obtained by 
sintering as described earlier which increases density to a large extent in comparison to 
the as-received monoclinic powder.  All diffraction data of these mixtures revealed 
extremely high monoclinic phase fractions despite the fact that the mass percentage of 
used monoclinic powder did not exceed 20%.  These findings indicated that 
monoclinic powder always topped the tetragonal powder and occupied the majority of 
the X-Ray interaction volume. 
Figure 42.  EBSD-SEM texture analysis of the injection moulded Y-TZP. 
EBSD-SEM was used to determine spatial orientation of the crystals on the surface of 
as-received (left) and aged (right) mirror polished, injection-moulded discs.  Crystals with 
similar colours exhibit the same orientation.  The larger the number of ‘same orientation’ 
crystals, the greater the magnitude of preferred orientation or surface texture.  The 
as-received sample seemed to exhibit a fair amount of surface texture.  Texture analysis was 
not feasible for aged sample due to the large number of blacked-out crystals which indicate 
‘no solution’ or unidentifiable orientation. 
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Due to their configurations, the majority of laboratory XRD systems negate 
studying small and confined areas of samples such as an indentation imprint, tip of 
implant thread or a cross section of a thin fractured surface. The incident X-Ray beam 
of the used machine in this project was reduced to minimum (2 mm) in order to reduce 
signal-noise ratio.  
XRD coupled computed tomography technique (ctXRD) has been recently 
introduced. Analogous to conventional CT, a sonogram (dataset) in ctXRD represents 
a set of diffraction patterns collected by probing a slice in the sample with a 
monochromatic pencil-like primary beam at certain projection angles. The technique 
has high agreement with laboratory XRD and allows studying small areas and phase 
mapping. ctXRD has been reported to have poor momentum resolution (Harding et al., 
1987, Kleuker et al., 1998). 
Laboratory XRD has inherent limitations; the limited penetration depth is among 
the most obvious from this work. X-Rays can provide crystallographic information 
regarding a 10 crystal deep layer in Y-TZP material, X-Ray penetration depth≈ 5µm 
(Gremillard et al., 2010). Thus, the technique has no use in studying LTD in the bulk 
of the zirconia materials (Chevalier et al., 2007b).  XRD is a sensitive technique with 
regard to sample mounting, placement in relation to the X-Ray beam, sample’s 
geometry and flatness. This is particularly important in this project given the irregular 
shape, and variable head/thread height along the implant length. Such sample geometry 
compromised signal to noise ratio and the quality of some scans. Whenever Rietveld 
method was used for data analysis, these variables were refined.  
The ‘relatively’ high penetration depth of X-Rays used in conventional XRD 
reduces the diffracting volume of the surface layer of the studied sample. This in turn, 
compromises the signal/background ratio and thereby the technique’s sensitivity 
toward the composition of the superficial layers of the material. Additionally, 
conventional XRD delivers crystallographic information limited to the area of 
maximum diffracting intensity. The GIAXRD technique was used to unravel the 
spatial distribution of the monoclinic phase within the depth accessible by XRD 
according to Gremillard’s et al (2010) method (Gremillard et al., 2010).  The whole 
principle of this method relies on the use of stationary (fixed) incident beam at small 
angles which increases; the path length of the X-Ray beam, the diffracted intensity and 
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signal/background ratio specifically from the superficial layers of the sample 
(Rau et al., 2011).  The authors of this technique exhaustively described the 
mathematical derivation of their method.  They also numerically tested it in theoretical 
configurations as well as commercially available Y-TZP materials. Their findings 
indicated that the technique is promising with regard to determination of surface 
fraction and depth of the monoclinic phase within the area accessible by X-Rays. 
However, there are three caveats with the use of this technique; firstly, extrapolating 
monoclinic phase fraction beyond the maximum X-Ray penetration depth may be 
misleading which is related to immediate divergence of fitting functions outside the 
limits of X-Ray penetration.  Secondly, the type of the fitting function may 
significantly affect the bounds of the monoclinic phase depth profile.  The fact that 
several functions can be fitted adequately to Xm profile, as indicated by goodness of fit 
parameters, poses a significant challenge to this method.  Thirdly, the method was 
derived assuming that studied materials are composed of monoclinic and tetragonal 
phases only and disregarded the very likely presence of cubic phase.  However, this 
may be of a little significance given the similarity between tetragonal and cubic phases 
in terms of crystallographic features. 
GIAXRD findings indicated that monoclinic phase fraction within as-received 
sample was distributed to a very small depth that is less than 0.8 µm (Section 2.6.1).  
These findings were in line with those reported for a non-aged material that contained 
20% alumina content (Gremillard et al., 2010).  In the current analysis there was one 
problem during the fitting and deducting the inverse Laplace transform.  The 
difference in Xm values for as-received sample at incidence angles more than 2º steeply 
decreased which made Fm0 approach infinity.  The fit was bound to Fm0 = 25% which 
was the maximum monoclinic phase fraction within the aged sample.  This however 
compromised the apparent quality of fit, yet not the goodness of fit parameters.  The 
same issue was present with the other published report (Gremillard et al., 2010). 
Hydrothermal ageing increased the monoclinic phase fraction and the t→m 
affected zone which is compatible with the nucleation and growth mechanism of LTD 
(Gremillard et al., 2004b).  The use of short ageing cycle resulted in a surface-confined 
LTD affected zone.  This is contrary to other reports indicated bulk involvement with 
LTD (Gremillard et al., 2010, Cattani-Lorente et al., 2011).  The disparity of the 
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results can be explained by the differences in hydrothermal treatment periods and LTD 
resistance between different studies and materials, respectively.  
Raman spectroscopy was used to investigate hydrothermally induced t→m as in 
Section 2.6.2.  As-received samples contained negligible amount of monoclinic phase 
fraction. Hydrothermal treatment resulted in a notable increase of the monoclinic phase 
fraction. However, the values varied upon the use of point or area scans and were 
significantly lower in comparison to the XRD technique.  The contradiction between 
the estimated monoclinic fraction yielded by XRD and Raman spectroscopy is a well-
documented issue.  As cited by Chevalier et al (2007), there was no agreement 
between the findings of both techniques which could have linear, logarithmic, or 
power law dependencies. In this study, the disparity can be also attributed to the 
difference between the examined areas by each technique (Chevalier et al., 2007a).  
Diameter of the incident laser beam was calculated using Equation 15 (Lewis and 
Edwards, 2001): 
𝝕 = 𝟏. 𝟐𝟐
𝝀
𝒏𝑨
      (𝟏𝟓) 
Where;  
ϖ is the theoretical diameter of the Ar
+
 laser beam 
λ is the laser wavelength (488nm) 
nA is the numerical aperture of the focusing objective 
The area studied by a Raman point scan ranged between 0.92-4.5 µm
2 
while area 
mapping scans were obtained for a 400 µm
2 
areas.  XRD was used to investigate an 
area of 20 mm
2
.  These findings indicate that the monoclinic phase might not be 
homogenously distributed along the surface of the samples 
Having a confocal microscope arrangement linked to it, Raman spectroscopy has 
wide application in studying stress induced t→m within Vickers indentation imprints 
and fractured surfaces.  Additionally, the effect of hydrothermal treatment on the 
pattern and quantity of stress-induced t→m was investigated.  The monoclinic phase 
fraction was quantified and mapped within fractured surfaces and Vicker’s indentation 
imprints in as-received and aged samples. Identification and quantification of cubic 
phase using Raman spectroscopy can be difficult owing to the closely similar Raman 
spectra of the tetragonal and cubic phases.  The software that was used in this study to 
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analyse Raman data did not enable the identification and quantification of the cubic 
phase in contrast some other studies (Pittayachawan, 2008).  
Fractured surfaces exhibited a concentration of monoclinic phase in the centre 
(midway between tension and compression surfaces) as well as the tensile surface but 
to a lesser extent.  There was no difference between the aged and as-received samples. 
Clarke and Adar (1984) reported that stresses generated during the fracture of zirconia 
toughened alumina resulted in 3% monoclinic phase fraction when determined by 
Raman spectroscopy and 8% as per XRD (Clarke and Adar, 1984).  No emphasis on 
the distribution of the t→m was made.  
When examining fractured surfaces of 9 mol% MgO stabilised PSZ ceramics 
with a Raman microprobe, Lee et al (2009) reported high concentrations of monoclinic 
phase near the tension and compression surfaces.  Additionally, a steady decrease in 
monoclinic phase fraction measured from just below the tension surface to within 
200 µm of the compression surface was noticed (Lee et al., 2009b).  
Pittayachawan et al (2007) demonstrated concentration of monoclinic phase only 
around the fracture origin and reported increased concentration of cubic phase on the 
tension surfaces of the studied samples (Pittayachawan et al., 2007). 
Vickers indentation induced significant t→m in as-received and aged samples in 
the present study.  Possible tetragonal to cubic phase transformation as a result of 
indentation process (Kohal et al., 2009b) was not investigated in this study for the 
same reasons described in Section 2.6.2.  Within the imprints of the indenter in the as-
received sample, the amount of t→m was the lowest in the centre and increased 
significantly when moving toward the edges.  Unsurprisingly, the corners of the 
imprint exhibited the highest amount of monoclinic phase as the highest amount of 
stress is expected to be generated in such areas.   
The high degree of t→m near the corners and the edges of the imprint may be 
attributed to the type of stress these areas were subjected to.  Tensile and shear stresses 
generated by the sides of the indenter (edges and corners of the imprint) effectively 
induce t→m in comparison to compressive stresses generated by the tip of the indenter 
(centre of the imprint) (Delgado-Ruíz et al., 2011).  The t→m was not only confined to 
the imprint, it also extended but to a lesser extent to areas just outside the imprint 
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where plastic deformation is expected to occur.  Material recovered the pure tetragonal 
composition in areas unaffected by plastic deformation. Pittayachawan et al (2009) 
reported the level of monoclinic phase exhibited limited variation within the 
indentation imprint in addition to significant tetragonal to cubic phase transformation 
at the centre (Pittayachawan et al, 2009).  Delgado-Ruíz et al’s (2011) work has 
showed an almost linear decrease t→m of Y-TZP with distance from the centre of the 
indentation imprint (Delgado-Ruíz et al., 2011).  
Little difference was however noticed between the centre and the edges of the 
imprint in aged samples.  A decrease of monoclinic phase fraction was noticed along 
one direction from centre to edge.  The area affected by plastic deformation and t→m 
seemed to be larger than for the as-received group.  The overall difference in the total 
monoclinic phase fraction was small and could be equal to difference in baseline 
content of monoclinic phase in each sample.  
The aforementioned techniques have the capability to investigate surface or near 
surface t→m.  Determining LTD occurrence or susceptibility of a 5 mm diameter 
implant on the basis of studying the superficial 5 µm may not be appropriate.  The use 
of Synchrotron radiation as a comprehensive adjunct technique was envisaged 
(Section 2.6.3).  The energy of the X-Ray beam generated by Synchrotron source is 
significantly higher than that generated by a laboratory X-Ray tube.  This in turn, 
allows studying the whole sample thickness in a remarkably short time.   
Synchrotron X-Rays have been widely utilised for characterisation of zirconia 
based materials especially those used for thermal barrier coating applications.  It has 
also been used to study time-resolved in situ monoclinic phase formation under 
hydrothermal and pressure conditions (Leoni et al., 1998, Yamashita et al., 2008, 
Bremholm et al., 2009, Lipkin et al., 2013).  To our knowledge, there are currently no 
research papers that reported the use of Synchrotron for purpose of detecting LTD in 
Y-TZP dental implant materials.  
The generated diffraction Synchrotron patterns for as-received, machined, aged 
and machined-aged samples where identical to that for a pure tetragonal powder.  The 
findings indicate that such technique is only appropriate for detection of advanced 
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LTD that propagated to the bulk of the material.  The diffraction patterns of aged 
samples were expected to exhibit monoclinic phase peaks. However, none of the 
patterns obtained by Synchrotron X-Ray diffraction did so.  This can be attributed to 
the exceedingly low diffracting volume of the transformed zones (2-4 µm) in 
comparison to the untransformed counterparts (approximately 5 mm) in the path of 
X-Ray beam.  The likelihood of having porous regions in the bulk of injection 
moulded implants in comparison to other manufacturing technique is not widely 
studied.  These areas may be affected and/or highly susceptible to LTD process.  The 
use of Synchrotron in transmission mode may be considered as an essential measure in 
order to prevent duplicating the drastic scenario with the ‘went undetected’ porous 
core of zirconia hip implants.  
Extrapolating data regarding LTD effects on zirconia implant materials based 
solely on crystallographic techniques may be risky.  An extreme example emphasising 
this risk is presented in Figure 41 that demonstrates identical XRD patterns for a two 
fundamentally different materials.  The concerns regarding the validity and reliability 
of these techniques may be further in question given the close proximity of 
crystallographic parameters of different phases of zirconia materials.  Direct imaging 
and characterisation of the consequences of hydrothermally- or stress-induced t→m at 
macroscopic and microscopic scales were used in Section 2.6.4 to obtain a better 
understanding of the LTD sensitivity of the studied material. 
Optical interferometery (profilometry) was used in Section 2.6.4.1 to characterise 
surfaces of polished and polished-aged samples. Martensite reliefs were shown on the 
topographic maps and increased roughness parameters were demonstrated upon 
hydrothermal treatment of polished samples.  One-way ANOVA revealed significant 
difference in roughness parameter (Sa, Ra) among aged and as-received samples.  The 
data is of great statistical value as the used optical interferometer was used to study a 
significantly large area (≈ 1 mm
2
) in comparison to other techniques such as AFM or 
Raman spectroscopy.  These findings were in agreement with those published by 
Kawai et al (2011) who reported significant increase in Ra as a result of hydrothermal 
ageing in Y-TZP and alumina toughened zirconia (ATZ) (Kawai et al., 2011).  In their 
work, Ra values for aged Y-TZP and ATZ were in excess of 100 nm in comparison to 
the current work, 29 nm. This may be attributed to the higher baseline Ra for polished 
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samples and longer hydrothermal ageing cycle used by the authors.  A limitation of 
this technique is the necessity for an absolutely clean and debris-free sample. Debris 
can be easily mistaken for surface martensite reliefs. The problem is further 
complicated by the fact that profilometers are not equipped to study the nature of 
surface protrusions. Examining of samples under SEM prior to interferometery 
investigation may be helpful to determine the cleanliness of the sample. 
The use of FIB and broad beam ion polishing ensured non-invasive sample 
preparation. It also allowed the high quality imaging and comprehensive analysis of 
microscopic consequences of hydrothermal ageing on the studied Y-TZP material 
(Section 2.6.4.2).  Loss of crystalline homogeneity and crystal twinning were among 
the most prominent signs of LTD that could be detected.  Intergranular cracks could 
not be detected in the studied aged samples. This could be attributed to the high depth 
of field of SEM which negates appropriate detection of shallow microcracks.  The 
relatively poor resolution of the transformed zone might further complicate the 
problem.  Another explanation could be that the used short hydrothermal ageing cycle 
did not allow formation of such cracks.  The use of broad beam ion polishing allowed 
studying the crystalline structure at a larger scale in comparison to FIB.  Findings 
obtained from both preparation techniques were very similar.  Additionally, disc and 
implant samples exhibited similar microstructural features when examined under high 
resolution SEM.  
High resolution TEM was used in Section 2.6.4.3 to examine morphological and 
crystallographic changes in the crystalline structure as a result of hydrothermal ageing.  
It is noteworthy that, at the time of writing this thesis, this work was the first to 
investigate LTD phenomenon in zirconia dental implants utilising this method. 
Imaging of the transformed zone was difficult owing to the notable ion beam-induced 
damage despite the deposition of platinum protective layer prior to in situ lift out 
procedure.  Electron diffraction patterns were obtained for individual crystals in the 
subsurface area. Diffraction pattern were analysed using a less than robust method 
were D-spacing and ratio between crystalline lattice parameters matched to a reference 
XRD data for tetragonal and monoclinic phase.   
According to this method of data analysis, all the examined crystals of interests 
were matched to tetragonal phase.  However, the reliability of this method may not be 
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adequate.  The use of sophisticated software packages may improve the quality and 
reliability of extrapolations from this technique. Such software packages however 
require a specific output file format which was not available on the used system.  
EBSD detectors coupled to SEM may be valuable for phase determination and 
mapping of zirconia material (Kawai et al., 2011, Keuper et al., 2014).  The technique 
utilises an electron beam that is incident on an angled sample which diffracts the 
electrons and a diffraction pattern is generated on a fluorescent screen.  Diffraction 
patterns for each studied crystal is then matched to a reference database and indexed to 
an acquired SEM image.  The use of this technique may overcome the subjectivity 
with direct examination of LTD consequences using SEM or limited reliability of 
analysed TEM electron diffraction patterns.  However, the use of this technique 
requires a highly polished sample.  Thus, when using a conventional EBSD-SEM 
setting, the sample should be mounted in resin and mirror polished and 100% flat.  
Any change in the surface inclination will change the reflection/diffraction angles and 
thereby compromise the output of the investigation. This can explain the poor indexing 
and areas of ‘no solutions’ within phase maps obtained from aged samples studied as 
part of some pilot work in this project (Figure 43).    
Figure 43. EBSD-SEM phase map for mirror polished Y-TZP samples. 
Left, phase map obtained for as-received (left) polished sample where the majority of 
crystals were indexed as tetragonal (red).  Right, EBDS-SEM map for a mirror-polished 
sample after hydrothermal ageing.  The majority of crystal were un-indexed (blacked out) as 
software could not match them to any solution based on the reference material data phase. 
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As received samples were studied adequately using EBDS-SEM which may 
indicate that changes in surface roughness and flatness (also shown by optical 
profilometry) as a result of hydrothermal treatment may compromise the validity of 
this technique.  A similar problem was reported by Kawi et al (2011) who could not 
obtain any phase map of hydrothermally aged samples (Kawai et al., 2011).  Some 
recent FIB-SEM systems have an integrated EBSD detector.  Effectively, these 
systems allow in situ mapping of a slice milled using FIB.  Theoretically, this 
technique may be optimum to study t→m as the FIB produces a perfectly flat and 
polished surface.  However, the same problem, areas of ‘no solution’, has been 




 Chapter 3: 
Mechanical Studies 
3.1 Introduction 
Zirconia assumes three structurally different crystalline phases; monoclinic, 
tetragonal and cubic depending on temperature.  The tetragonal phase can be partially 
stabilised at room temperature by addition of small concentration of dopant or 
stabiliser such as yttrium oxide (Y2O3) (Gupta et al., 1977, Hellmann and Stubican, 
1983b).  Y-TZP  have a superior potential for clinical use when compared to 
monoclinic and cubic phases owning to its machinability coupled with high strength 
and fracture toughness exceeding 1200 MPa and 16 MPa/m
1/2
, respectively (Piconi and 
Maccauro, 1999, Vagkopoulou, 2009).  When mechanically challenged, for example 
by a propagating crack, the metastable tetragonal crystals can transform to monoclinic 
phase (t→m).  This process is accompanied by 3-5% volumetric expansion of the 
crystals which yields radial compressive stresses that halts the crack propagation.  
Compared to other ceramics, the unsurpassed strength of Y-TZP is due to both the 
dense, submicron crystalline structure and the unique transformation toughening 
mechanism or, stress-induced t→m transformation (Garvie et al., 1975b, Gupta et al., 
1978). 
Machined zirconia ceramics and those manufactured by cooling from the cubic 
phase or direct deposition of tetragonal-prime zirconia powder may exhibit another 
possible stress-induced toughening mechanism.  Ferroelastic domain switching or 
ferroelastic toughening occurs whereby crack energy can be absorbed and dissipated 
via rotation of tetragonal crystals around one of the axes to form the so called a twin 
phase with a different orientation.  These changes ultimately increase the material’s 
toughness without notable increase the monoclinic phase ratio (Virkar and Matsumoto, 
1986, Chan et al., 1991a).. 
Y-TZP can suffer long-term structural deterioration (microcracking and loss of 
strength) as a result of slow and spontaneous t→m transformation process particularly 
when stored in humid environment or water (Kobayashi et al., 1981).  This 
phenomenon is called low temperature degradation (LTD) or ageing. By definition, 
t→m transformation during LTD should not be triggered by the local stresses produced 
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at the tip of an advancing crack as in case of transformation toughening phenomenon 
(Lughi and Sergo, 2010).  Unfortunately, we cannot exploit the remarkable possibility 
of the former without taking the risks of the latter (Chevalier et al., 2007b).  
LTD is a water-mediated martensitic phase transformation that propagates via 
nucleation-and-growth mechanism.  Water is believed to provide free radicles that start 
the surface corrosive attack and cause lattice shrinkage and build-up of tensile stresses 
(corrosive-stress process) (Schubert and Frey, 2005).  t→m starts in the most unstable 
areas such as grain boundaries where the largest amount of tensile stresses is present 
(Schmauder and Schubert, 1986a) and then propagates to the centre of the grain as 
water attack continues (Chevalier et al., 2007b).  Tensile stresses resulted from t→m 
cause microcracking at the grain boundaries which in turn, accelerates deeper water 
penetration and thereby deeper effect of LTD (Deville et al., 2004).  Nucleation refers 
to the transformation of a single grain, which can act as a nucleus for further 
transformation.  Growth refers to the preferential extension of t→m to the crystals in 
the vicinity of the nucleus.  Growth occurs as a result of the tensile stresses generated 
from the expanded-transformed grain (Chevalier et al., 1999a). 
LTD can have two major macroscopic adverse effects on zirconia dental 
implants.  Firstly, cracking and monoclinic crystals pull-out may cause loss of 
crystalline coherence and consequently decline in mechanical reliability.  Secondly, 
the released particles can elicit immune response that ultimately cause aseptic bone 
loss and implant loosening (Chevalier et al., 2007b, Lughi and Sergo, 2010). 
The evidence regarding the effect of ageing on the reliability of the Y-TZP is 
equivocal.  Several authors reported conflicting findings regarding zirconia ceramics 
subjected to in vivo or in vitro induced LTD.  An in vitro experiment has shown that 
Young’s modulus and hardness values of Y-TZP bars were reduced by 30% when they 
were subjected to hydrothermal ageing (Cattani-Lorente et al., 2011).  It was also 
reported that fracture strength of Y-TZP was reduced significantly following 
hydrothermal ageing (Ban et al., 2008, Flinn et al., 2012).  The decline in these 
mechanical parameters was attributed to the increased monoclinic phase fraction which 
is more susceptible to microcracking.   
Several in vitro and in vivo studies reported that effect of ageing on the durability 
of Y-TZP was negligible (Shimizu et al., 1993, Cales et al., 1994, Ardlin, 2002, 
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Papanagiotou et al., 2006).  This has led to new thinking as to whether the presence of 
monoclinic phase is detrimental or not. In fact, there is some evidence suggests that 
t→m localised to the surface may lead to the establishment of surface compressive 
stresses that balance out applied tensile stresses and thereby strengthen the material 
(Kosmać et al., 1981, Virkar et al., 1987, Tanaka et al., 2003).  This has been 
consolidated by both the fact that medium- to long-term data from clinical studies 
rarely identified fracture of zirconia as a problem.  Additionally, there is no correlation 
between failures and LTD in all studied Y-TZP materials used for dental applications 
(Molin and Karlsson, 2007, Özkurt and Kazazoğlu 2010, Sailer et al. 2007). 
3.2 Experimental procedures and results: zirconia discs 
3.2.1 Accelerated in vitro ageing 
Injection moulded, acid-etched, ethylene oxide sterilised, 17.85±0.011 mm 
diameter and 1.03±0.014 mm thick zirconia discs were provided by the manufacturer 
(Maxon motor GmbH, Germany).  Discs were aged in a 1.2 L high pressure 
hydrothermal reactor (Series 4540 Parr, U.S.A) with 300 ml of distilled water.  The 
ageing cycle lasted for 5 hours at operating temperature and pressure equal to 134 ˚C 
and 2 bar, respectively.  Samples were left in the hydrothermal reactor upon 
completing the cycle until 50 ˚C temperature was reached.  The cooling rate was 
estimated to be 0.011˚C/sec.  Samples were dried using air and stored in a desiccator 
until further testing. 
3.2.2 Biaxial flexural strength 
Alongside many other superior characteristics, high strength and toughness of 
Y-TZP based ceramics endorsed their use in the dental field. In addition, the 
unsurpassed advances at the level of manufacturing technologies facilitated the 
exploitation of such materials.  CAD-CAM exponentially expanded the use of Y-TZP 
as an aesthetic, and yet a high strength alternative to metal alloy based dental implants 
and restoratives.  Other technologies such as CIM, powder coprecipitation and HIP 
were among the assets that enabled the manufacturing of high-precision components 
required for dental implant systems.  
Depending on chemical composition, microstructural features and processing 
method, Y-TZP based ceramics exhibit flexural strength ranging from 750-1310 MPa 
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(Ruiz and Readey, 1996, Casellas et al., 2001, Ardlin, 2002, Milleding et al., 2003, 
Guazzato et al., 2005, Curtis et al., 2006, Denry and Holloway, 2006, Ban et al., 2008, 
Denry and Kelly, 2008, Flinn et al., 2012).  Several studies investigated the effect of 
various in vitro and in vivo ageing approaches on the flexural strength of Y-TZP based 
ceramics.  Several authors reported no detrimental effects of various ageing 
mechanisms and durations on strength and reliability of this material.  In contrast, 
other studies reported strength degradation of Y-TZP materials upon artificial and 
in vivo ageing.  The disparity can be attributed to; the different ageing mechanisms and 
durations used by different investigators, differences in parameters governing the 
activation barrier of LTD, differences in sample geometries and data analysis 
techniques. 
Studying the pure tensile strength of ceramic materials by direct tensile strength 
tests is a difficult task owing to their brittleness and subsequent difficulties in gripping 
and aligning the specimens.  Thus, direct tensile strength tests have seldom been used 
to study brittle materials (Bowen and Rodriguez, 1962, Zidan et al., 1980, Brown, 
2010).  Uniaxial flexural strength tests were introduced as an alternative method. The 
latter tests may yield highly variable strength values as a result of edge fracture effect.  
Additionally, they require substantially flat and large samples which may be difficult 
to achieve in the case of dental ceramics (Ban and Anusavice, 1990).  
The biaxial flexure test is a widely used, viable alternative to apply biaxial 
tension on the surface of a ceramic sample (Wachtman et al., 2009, Callister and 
Rethwisch, 2012).  The flexural strength can be determined using three balls 
supporting a thin ceramic disc with a centrally applied loading rod, also known as 
piston-on-3-balls (Kirstein and Woolley, 1967).  The use of this setup allows testing 
warped samples directly after firing which in turn, eliminates the need for machining 
the samples to a specified geometry and flatness.  In the case of zirconia based-
ceramics, this is an extremely important aspect as machining itself may alter material’s 
properties.  Finally, it disregards the edge effect in areas located outside the supporting 
balls and thereby enhances the reliability of the test outcome (Wachtman et al., 2009). 
A group of technically identical samples can fail at largely variable loads owing 
to the differences in the size of the major crack or cracks in the area subjected to 
loading.  Therefore, the strength of brittle materials has to be described by a 
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probability function.  The size of the sample is an important factor in the statistical 
behaviour of reliability of ceramic materials.  It follows that under the same stress, the 
probability of failure of larger samples is higher than a smaller counterparts due to the 
higher probability of having larger number of major cracks (Wachtman et al., 2009).  
The basis of contemporary ceramic manufacturing is largely dependent on the 
statistical distribution function model proposed by Weibull.  Weibull statistics 
provides a quantitative method to determine strength reliability of brittle materials 
based on the assumption that failure at any flaw translates as failure of the whole 
sample.  This is a form of extreme statistics applying the weakest link theory or 
extreme distribution function that offers the advantage that a material in a given system 
can survive evidently longer than the estimated lifetime by such a model. 
The two parameter Weibull distribution function for a brittle sample subjected to 
uniaxial fracture strength test with a volume (V) and strength (σ) is given by Equation 
(16) (Weibull, 1951, Danzer et al., 2007): 








]      (𝟏𝟔) 
Where;  
F is the probability of failure, 
 β is the Weibull modulus, 
 α is the characteristic strength, 
 σu is the stress level below which the material will not fail (equals 0), and 
 V0 is the chosen normalising volume  
The value of β measures the variability in the strength of the material and it is 
inversely related to the scatter of fracture strength data. The higher the β value the 
narrower scattering to be expected in the fracture strength data. The value of α 
represents the stress level of fracture strength where probability of failure equals to 
63%. Weibull moduli of dental ceramics usually fall in the range of 10-15. Great 
efforts are however being made to minimise flaws and attain β values equal to 20 




The biaxial flexural strength (BFS) was determined for 60 sterilised discs that 
were equally divided into two groups; as-received and hydrothermally aged discs.  A 
universal testing machine (LR10K material tester, Lloyd, UK) was used for this 
purpose according to the ISO standards for dental ceramics (ISO 14704, 2008).  Prior 
to the test, the radius and thickness of each sample were measured three times using a 
digital micrometer (Mitutoyo Ltd, Hampshire, UK) and an average was obtained.  
Each disc specimen was placed centrally on three, industry-standard grade, hardened 
steel, 5 mm diameter ball bearings.  Ball bearings were places 120º apart on a 10 mm 
diameter support circle.  
Discs were loaded using a custom-made, steel, 1.6 mm diameter piston at a cross 
head speed of 0.5 mm/min until failure point.  A load-controlled load cell with 5 kN 
upper load limit was used.  In all tests, a thin polythene sheet was placed between the 
pushing rod and specimen to ensure even stress distribution while loading.  The 
fracture loads were obtained from load-extension graphs generated by NexygenPlus
®
 
software (AMETEK Test & Calibration Instruments, USA).  BFS values were 
calculated using Equations 17, 18 and 19: 
𝑩𝑭𝑺(𝑴𝑷𝒂) =  −𝟎. 𝟐𝟑𝟖𝟕 
𝝈(𝑿 − 𝒀)
𝒅𝟐
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Where; 
σ: fracture load (N) 
d: disc’ thickness at loading point (mm) 
v: Poisson’s ratio (assumed to be 0.25) 
r1: radius of support circle (mm) 
r2: radius of loaded area = radius of pushing rod (mm) 




SPSS statistics, version 19 (IBM, USA) was used to perform one-way analysis of 
variance (ANOVA) to assess statistical differences between the means of BFS of the 
as-received and aged groups.  Statistical software (Weibull ++, version 9.0.10; 
ReliaSoft Corp, Tucson, Arizona) was used for the determination of the two-parameter 
Weibull estimates and 95% (2-sided) confidence intervals (95% CI) according to the 
maximum likelihood method.  Origin Pro 9.1 (OriginLab, USA) was used to plot all 
presented data.  SEM (S-3400N, Hitachi, Japan) was used to examine bulk 
morphology of representative fractured surfaces from as-received and aged discs. 
The mean BFS values of the as-received and aged groups were 
1003.68±73.05 MPa and 1033.11±102.10 MPa, respectively.  Comparison of means 
was performed using one way ANOVA test at the 5% significance level which showed 
no significant difference in the mean BFS of the two groups (p>0.05).  A difference in 
Weibull modulus (β) (15.9 vs. 10.8) and characteristic strength (α) (1036.88 vs. 
1079.74 MPa) was however noticed for as-received and aged samples, respectively.  
The difference was not significant as the 95% CI of both parameters overlapped as 
shown in Table 8.   
The BFS values were plotted against Weibull percentiles for as received and 
aged groups separately as shown in Figure 44.  R
2
 values for both data sets indicate 
good fit of the data to the assumed linear statistical distribution.  Comparative Weibull 
plot for both groups is shown in Figure 45. 
 
 
Table 8.  Summary of mean (MPa) and Weibull parameters obtained for BFS data 
 
As-received Aged 
Mean (SD) 1003.68 (73.05) 1033.11 (102.1) 
β (95% CI) 12.5-15.8-20.5 8.7-10.8-14.2 
α (95% CI) 1012.3-1036.9-1062.1 1042.4-1079.7-1118.5 
R
2
 0.99 0.98 
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Figure 44. Weibull probability plots for BFS data for as-received an aged samples. 
Blue circles represent BFS values plotted against Weibull percentiles.  
Characteristic strength (α) was calculated as the load where 63% of samples 




Examination of fractured surfaces of representative as-received and aged discs 
under SEM revealed similar mode of failure in both groups.  The tensile side of 
samples from both groups exhibited hackles running in the direction of cracking and 
separating parallel portions of the crack surface.  A primary Wallner line was seen in 
both samples which indicated surface rather than bulk origin of the fracture. 
Under low magnifications, neither of the samples showed any sign of porosity, 
internal defects, pores, pores agglomerates or areas of high contrast that may indicate 
presence of microcracking as a result of LTD.  Figure 46 and 47 represent SEM 
fractography of representative as-received and aged samples obtained from BFS test. 
 
Figure 45. Comparative Weibull plot for BFS data. 
The intersection between Weibull lines and data points of as-received (amber) 
and aged (green) samples indicate the similar reliability of both groups.  The 
overlap between 95% CI of α and β or strength at 63% probability (red lines) 
of failure for both groups confirm the lack of statistically significant difference 
between the reliability of both groups. 
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Figure 46.  SEM fractography of as-received sample. 
Fracture origin was identified at the tensile surface where maximum flexure is concentrated at the opposite side of the push rod or piston.  
The classical manifestations of crack propagation in brittle solid materials are annotated.  They include; hackles, primary and secondary 
Wallnar lines.  
106 
 
Figure 47.  SEM fractography of representative aged sample. 
The appearance of the fractured surfaces from aged samples was very similar to as-received counterparts. 
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3.2.3 Edge fracture strength 
Edge strength or toughness describe the brittle material’s resistance to chipping 
or flake detachment upon loading.  The edge fracture strength test has been widely 
utilised to assess the durability of brittle materials which have their edges subjected to 
machining or mechanical loading such as valves and cutting tools made of ceramics or 
hardened metals (Danzer et al., 1997, Morrell and Gant, 2001).  In dentistry, marginal 
integrity of the dental restoratives is a key factor in their longevity.  Marginal chipping 
is a frequently encountered problem and may lead to aesthetic and biological 
complications.  Studying the edge fracture strength and chipping behaviour of ceramic 
materials used in dental implantology, in particular, is considered of a high importance.  
The thin implant threads are susceptible to significant amount of stress during insertion 
and loading which theoretically can increase the risk of implant fracture. In addition, 
chipping of the edge of implant’s head may compromise marginal adaptation of the 
crown prosthesis which can lead to plaque retention and subsequent peri-implant soft 
and hard tissue inflammation. 
Edge fracture strength test involves loading the sample vertically at a certain 
distance from the edge using a hard standard indenter.  Upon loading, brittle materials 
respond by combination of plastic deformation followed by formation of cracks at the 
corners of the indentation as when using the Vickers diamond indenter.  Propagation of 
the formed cracks, particularly those running parallel to the edge or towards it, is 
enhanced by the elastic relaxations of the edge face.  A completely detached spall or 
flake will only be formed when the load exceeds the critical limit with subsequent 
crack propagation outside the edge (Morrell and Gant, 2001).  Depending on plasticity 
and toughness of the material, acoustic detection sensor in the edge fracture strength 
machine can detect three types of failures namely, localised deformation (indentation), 
indentation with cracking and complete chipping or spall formation (Watts et al., 
2008). 
The force (N) required for chipping the specimens at a distance of 0.5 mm from 
the specimen edge is, by definition, the edge fracture strength (Watts et al., 2008).  An 
experimental work by Morell and Gant (2001) confirmed the previously reported 
linearity between the chipping load and distance from the edge for a number of fine-
grained brittle ceramic materials.  However, they reported slight departure from the 
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linear relationship in Cobalt hardened materials and sintered silicon carbide ceramics 
which can be attributed to; R-curve effect, internal stresses and surface finish near the 
edge (Morrell and Gant, 2001).  With regard to Y-TZP materials, Petit et al (2009) 
reported a unique non-linear relationship between the chip size and the applied load 
(Petit et al., 2009).  Several studies investigated the static edge fracture strength of 
Y-TZP based ceramics.  Petit et al (2009) reported edge fracture load range between 
200-300 N at 0.3 mm distance from the edge (Petit et al., 2009).  Others reported lower 
values but used different indenters (Gogotsi et al., 2007).  To the author’s best 
knowledge, there is no data so far regarding the effect of ageing on the edge fracture 
strength of Y-TZP based ceramics. 
In this project, sixty discs were equally divided into as-received and aged groups 
were subjected to edge fracture strength.  The test was performed in three well-spaced 
apart locations within each sample and an average edge fracture strength value was 
calculated. For this purpose, an edge strength measurement device (CK10, Engineering 
Systems, UK) was used to determine fracture strength of material at a distance equal to 
0.3 mm from the edge.  Vickers diamond indenter was used to vertically load samples 
at crosshead speed of 1 mm/min.  The acoustic sensor was disabled and only chipping 
load was measured for all samples.  Statistical analysis, data plotting and SEM 
post-mortem examination was performed as described in Section 3.2.2. 
The mean value of edge fracture strength for as-received group (239.86±16.93 N) 
was slightly lower than the aged group (248.11±12.13 N).  There was no significant 
statistical difference between the mean values as indicated by Welch and Brown-
Forsythe tests (p>0.05).  Weibull modulus and characteristic edge strength were higher 
for the aged group, no statistically significant difference was however present as 
indicated by the overlapping 95% CI of both parameters. Mean fracture edge strength 
values and Weibull parameters are summarised in Table 9.  Edge fracture loads were 
plotted against Weibull percentiles for both groups as shown in Figure 48. 
Table 9.  Summary of mean (N)and Weibull parameters obtained for edge fracture strength data. 
  As-received Aged 
Mean (SD) 239.8(16.9) 248.1(12.1) 
β (95% CI) 11.9-15.7-20.2 17.5-22.2-29.2 
α (95% CI) 241.9-246.01-253.4 249.7-252.1-257.7 




Figure 48  Weibull probability plots for edge fracture strength test. 
Weibull plots for as-received (top), aged (middle) samples..  Comparative 
Weibull plot for edge fracture strength data for both groups (bottom). 
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Post-mortem views of the chipped samples from as-received and aged samples clearly demonstrated fracture origin, loading area or 
area with elastic deformation and flake fracture lengths.  In both groups, the width of the chip scar was approximately double the flake 
fracture distance and the chipping did not involve the whole thickness of the material (Figure 49 and 50).
Figure 49. SEM post-mortem examination of the fractured edge of a representative as-received sample. 
Middle, low magnification of the chip scar where the initial crack developed upon loading can be seen.  Bottom left, chipping origin is shown 
at higher magnification.  The imprint of the Vickers indenter used to load the sample can be noticed with subsequent elastic deformation 
and two cracks originating from the side of the imprint.  Top left, image demonstrates that the chip was only confined to partial thickness of 
the sample.  Right, cracks originating toward the periphery (bottom) or the centre (top) of the sample were transgranular in nature.  No 




Figure 50. SEM post-mortem examination of the fractured edge of a representative aged sample. 




Hardness of a given brittle material denotes the resistance to plastic deformation 
and brittle fracture when subjected to penetrating ‘compressive and shear’ loading such 
as indentation (Herrmann, 2011).  Characterisation of this important property can be 
performed at various scales via using variable loads and indenter sizes and geometries.  
Brinell, Meyer and Rockwell hardness are considered as macroindentation tests while 
Knoop and Vickers hardness are regarded as microindentation tests (Yovanovich, 
2006).  The third type of indentation tests is nanoindentation and it is described in the 
Section 3.2.5.  
Hardness of any material is largely affected by; bonding forces between the 
atoms and packing density of the grains inside the crystalline lattice, surface and bulk 
density of the material, presence of surface or bulk porosity, grain size and orientation, 
microstrain and amount of impurities (Herrmann, 2011).  In addition, in transformation 
toughened materials such as Y-TZP, phase composition of the material may largely 
influence hardness. It has been reported that Vickers hardness of zirconia ceramics 
decreased with decreasing dopant concentration which indicates an inverse relationship 
between amount of monoclinic phase formed by t→m and hardness values (Lin & 
Duh, 2003). 
  Hardness is a crucial parameter for ceramics used in the biomedical field. High 
hardness values are required for ceramics used as wear- and abrasion-resistant parts 
such as prosthetic ball and socket hip-joint in addition to dental implants and 
restoratives.  The standard specification for High-Purity Dense Y-TZP for Surgical 
Implant Applications by ASTM (withdrawn in 2007), stipulated that Vickers hardness 
number (HV) shall be no less than 11.8 GPa at a load equal to 1 Kg (ASTMF 1873-98, 
1998). 
Commercially available, as-received, polished, uncoloured and coloured Y-TZP 
ceramics exhibited Vickers hardness values ranging from 12.9-13.6 GPa 
(Pittayachawan et al., 2007, Pittayachawan, 2008).  In other studies, machined and 
polished Y-TZP samples demonstrated comparable Vickers hardness values between 
11-13.70 GPa (Luthardt et al., 2002, Guazzato et al., 2004).  Furthermore, it has been 
concluded that variation in the sintering time from 1.6 hours to 3 hours and 
thermocycling in distilled water for 20,000 cycles in 5–55 °C had no detrimental effect 
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on the Vickers hardness values of a commercially available Y-TZP based ceramic 
(Hjerppe et al., 2008). 
The Vickers microhardness test is a reliable method for determination of 
microhardness of ceramics.  It utilises a diamond indenter to apply a prescribed load on 
the surface of the sample for a predetermined period of time.  The Vickers indenter has 
square-based pyramidal geometry with an angle of 136° between opposite faces at the 
vertex.  During the indentation process, brittle materials exhibit two types of 
deformation, elastic deformation and brittle fracture.  Upon the end of the indentation 
cycle, an optical microscope is used to determine diagonal lengths of the imprint (d1 
and d2).  HV (GPa) is given by the relation between the load (F) in Newton (N) and 
surface area of the imprint (dv
2
 , dv=[d1+d2]/2) in (mm
2
) according to Equation 20 
(Yovanovich, 2006, Herrmann, 2011): 
𝑯𝑽 = 𝟎. 𝟏𝟖𝟗𝟏 (
𝑭
𝒅𝟐
)      (𝟐𝟎) 
The volume of imprint caused by the indenter depends on the indenter’s 
geometry, load applied to the indenter, duration of loading and the amount of elastic 
recovery after indentation.  The relationship between the average diagonal length (dv) 
of the imprint and the penetration depth (t) of the indenter is given as (Yovanovich, 
2006): 
𝒅𝒗 =  𝟕𝒕      (𝟐𝟏) 
The Vickers contact area (Av) and indenter’s penetration depth are related as 
(Yovanovich, 2006): 
𝑨𝒗  =  𝟐𝟒. 𝟓 𝒕
𝟐      (𝟐𝟐) 
In this project, Vickers hardness values were measured for as-received and aged 
discs (n=30) according to the ISO standards for testing advanced technical ceramics 
(ISO 14705, 2008).  A microhardness tester (HM-112, Mitutoyo, UK) was used to 
perform indentation tests on four randomly selected areas of each disc.  Average 
microhardness measurement was calculated for each sample.  Indentation testing was 
performed using 1 Kg loading with loading period of 15 sec.  The indentation diagonal 
lengths were defined using an integral optical microscope under ×50 magnification.  
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The Vickers hardness values were calculated automatically by the software integrated 
to the microhardness machine according to Equation (20). 
In order to improve the quality of imaging and to achieve better visualisation of 
cracks resulting from Vickers indentation, four discs were mirror polished using 
Tegramin preparation system-20 (Struer, UK).  Polishing stages and products used are 
shown in details in Table 7, Section 2.6.4.1.  Optical microscopy at ×1000 
magnification using Dark Field and Differential Interference Contrast to assess levels 
of remaining deformation (BXiS, Olympus, UK).  Remaining surface roughness was 
assessed using a 3D optical profilometer (NPFLEX, Bruker, UK).  Roughness average 
(Ra) was less than 20 nm.  Two discs were aged according to protocol described in 
section 3.3.1.  Indentation testing was done in several areas following the protocol 
explained in the previous paragraph. 
Statistical analysis and data plotting was performed as described in Section 3.2.2.  
Assuming that the development of a Vickers indentation as a result of vertical loading 
can be regarded as failure, statistical software (Weibull++, version 9.0.10; ReliaSoft 
Corp, Tucson, Arizona) was used for the determination of the 2-parameter Weibull 
estimates and 95% (2-sided) confidence intervals according to the maximum 
likelihood method.  High resolution SEM equipped with cold field emission gun 
(Series SU8230, Hitachi, Japan) was used to examine the morphology of indentation 
imprints and the associated cracks developed around the indenter in representative 
as-received and aged discs. 
The mean Vickers hardness of the as-received group (14.06±0.61 GPa) was 
slightly higher than the aged group (13.81±0.44 GPa).  The mean depth of penetration 
(t) of Vickers indenter was 5.14±0.10 µm and 5.18±0.07 µm for the as-received and 
aged groups, respectively.  One-way ANOVA revealed no statistically significant 
difference between the two groups (p>0.05) (Table 10).  In addition, 2-parameter 
Weibull estimates were calculated for hardness values for both groups as shown in 
Figure 51.  There was no significant difference in the probability of failure as indicated 




Table 10. Summary of mean HV, penetration depth (t) and Weibull parameters. Mean (SD). 
 
As-received Aged 
HV (GPa) 14.06(0.61) 13.81(0.44) 
β (95% CI) 21.1-25.9-31.9 21.6-27.5-34.9 
α (95% CI) 14.1-14.3-14.5 13.8-14.03-14.2 
R2 0.91 0.97 
t (µm) 5.14 (0.1) 5.18 (0.07) 
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Figure 51.  Weibull plots for Vickers hardness data for as-received 
and aged groups. 
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SEM examination of representative, polished and unpolished, as-received 
samples revealed characteristic Vickers imprints with approximately similar diagonal 
lengths.  Tilting samples at 15º clearly showed the raised edges of the imprints that 
represent areas of plastic deformation.  Cracks were noticed near the corners, sides and 
inner slopes within the imprints.  The major cracks developed mainly outside the 
imprint’s corners and higher magnification revealed the transgranular nature of such 
cracks as shown in Figure 53 and 54.  Smaller cracks occurred in various areas of the 
imprint and some of them were intragranular in nature.  Edges exhibited some 
roughness due to grain pull-out.   
Similar findings were noticed in the imprints made on aged samples (Figure 55).  
However, a large area exhibited significant change in contrast outside the imprints 
made on the polished-aged sample that could be an indication on tm phase 
transformation in the area of plastic deformation (Figure 56).  It is very likely that this 
demonstrates the transformed areas with elastic deformation zone caused by shear 
stresses of the sides of the indenter.  
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Figure 54.  SEM examination of cracks associated with Vickers indentation on polished, as-
received sample.  
Cracks developed around the corners of the indenter made on a representative as-received 
sample were mixed.  The crack shown (left) and magnified (right) started as intragranular  
(--›) and then propagated in transgranular fashion(). 
Figure 53.  SEM examination of Vickers indentation imprint on representative as-received 
(unpolished) sample. 
Characteristic Vickers imprint with approximately similar diagonal lengths is shown in top 
left image.  No major crack development could be detected as a result of surface roughness.  
Areas of plastic deformation and crystal pull-out can also be seen in the same view.  At higher 
magnification (top right), small, unclear cracks can be seen within the corner and slopes of 
the imprint.  Tilting sample at 15° emphasised the raised edges of the imprint and the area of 





Figure 55.  SEM examination of Vickers indentation imprint on representative aged 
(unpolished) sample. 
Characteristic Vickers imprint similar to as-received sample.  Higher rate of crystal pull-out 
and plastic deformation can be seen however 
Figure 56. Change in contrast around Vickers indentation  made on polished-aged sample. 
SEM image obtained using secondary electron (UL) detector revealed change in the contrast 
of areas around the indentation imprint that were subjected to tensile/shear stresses during 
indentation process.  Such changes may be highly indicative of tm process. 
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3.2.5  Nanoindentation 
Nanoindentation or synonymously called instrumented indentation is a widely 
used, convenient method to examine a material’s mechanical properties.  It is 
particularly useful to study small volumes, thin films, microscopic structures and 
different layers of any given material.  This technique is exploited using highly 
sensitive machinery that can apply loads at very low magnitudes to an indenter and 
record the resultant penetration depth in high precision and accuracy.  Operating the 
machine in depth sensing mode allows generating load-displacement hysteresis graphs 
which can be used to calculate hardness and Young’s modulus values of a given 
material.  Nanoindentation utilises a Berkovich diamond indenter.  It is a triangular 
pyramid with 65.3° angle between the vertical axis and each of the faces (Yovanovich, 
2006, Fischer-Cripps, 2011, Dey and Mukhopadhyay, 2014). 
According to this method, hardness (H) is defined as the mean pressure under the 
indenter at the maximum penetration depth and is calculated according to Equation 21 




     (21) 
Where;  
Pmax is the maximum load (N), and 
t is the penetration depth (nm) at the maximum load 
Reduced modulus (Er) is calculated by fitting a power function to a portion of the 
unloading curve (50-100% of maximum load). The calculated slope is applied in 
Equation (22) originally described by Oliver and Pharr to determine the reduced 






√𝑨𝑬𝒓       (𝟐𝟐) 
Where; 
dP/dh is the slope of the fitted function to the selected portion of the unloading curve,  
β is the empirical indenter shape factor, and 
















     (𝟐𝟑) 
Where; 
vs is the Poisson’s ratio for the sample= 0.25,  
vi is the Poisson’s ratio for the indenter= 0.07, and 
Ei is the Young’s modulus of the indenter= 1141 GPa 
Nanoindentation is considered as a superior technique to evaluate mechanical 
properties.  In contrary to microhardness tests, nanoindentation can measure Young’s 
modulus values of the material and allows studying small volumes and layers of the 
material thanks to the depth sensing mechanism.  Additionally, the use of this 
technique negates the need for post-mortem examination of imprints generated by 
indenter which eliminates a multitude of errors as will be discussed in Section 3.4 
(Doerner and Nix, 1986, Pharr and Oliver, 1992).  
Nanoindentation is an optimum technique to characterise LTD within layers of a 
wide range of thicknesses of zirconia based ceramics.  This is particularly relevant 
given the difficulty of interpreting data from the commonly used crystallographic 
techniques as far as the penetration depth and volume of interaction are concerned.  In 
addition, nanoindentation studies provide direct evidence on the extent of LTD and 
allow examination of its effects on mechanical parameters in a spatially-resolved basis 
(Doerner and Nix, 1986, Pharr and Oliver, 1992, Rho et al., 1997). 
In the last decade, several research papers reported hardness and Young’s 
modulus of zirconia based ceramics using nanoindentation techniques.  Giucciardi et al 
(2007) reported hardness values ranging from 15-17 GPa and Young’s moduli ranging 
from 220-270 GPa for a partially stabilised Y-TZP material with three different grain 
sizes.  They also concluded that the smaller was the grain, the higher were the hardness 
values and Young’s moduli (Guicciardi et al., 2007).  On the other hand, Lian et al 
(2007) concluded that coarse- and fine-grained fully yttria stabilised zirconia exhibited 
similar reduced modulus and hardness, 228 GPa and 19.8 GPa vs. 217.8 GPa and 18.9 
GPa, respectively (Lian et al., 2007). 
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A steady decline in hardness and Young’s modulus was noticed in Y-TZP as a 
function of hydrothermal ageing time (Gaillard et al., 2008, Cattani-Lorente et al., 
2011).  Using a thin-film method, the latter authors determined Young’s modulus and 
hardness of the degraded layer as 185 GPa and 11-13 GPa, respectively (Gaillard et al., 
2008).  Catledge et al (2003) studied the effect of in vivo ageing on the hardness of 
explanted femoral heads.  Initial hardness was determined as 17.8 GPa that declined to 
12.2 and 10.6 GPa after 60 and 62 months of implantation, respectively (Catledge et 
al., 2003). 
In this project, a Nanoindentation Platform (Micro Material Ltd, Wrexham, UK) 
was used to perform nanoindentation testing on as-received and aged discs (12 per 
group).  Before testing; the machine was calibrated for load and depth using 
standardised masses and reference material (fused silica), respectively.  Discs were 
attached to an aluminium custom-made fixture by a thin layer of cyanoacrylate 
adhesive (RS, UK).   
A Berkovich indenter was used to apply a load equal to 40, 100, 150 or 200 mN 
at a loading rate of 2 mN/sec.  The load was held for a period of 5 sec to minimise 
elastic recovery prior to unloading at the same rate.  Each disc received an indentation 
test in five, 300 μm distant areas.  Hardness and reduced modulus values were 
calculated from the unloading load-displacement hysteresis curves utilising NanoTest 
Platform III software (Micro Material Ltd, Wrexham, UK).  Post-indentation data was 
used for thermal drift correction at a dwell period of 60 sec. 
Typical indentation load-displacement hysteresis curves obtained for as-received 
and aged samples at 40, 100, 150 and 200 mN loads are presented in Figure 57.  Load-
displacement hysteresis curves exhibited good continuity and no pop-in or pop-out 
were noticed.  Maximum penetration depth of the indenter was slightly higher for the 
aged samples when 40 and 150 mN loads were applied.  The curves were almost 
overlapping when 100 and 200 mN loads were applied.   
Means and standard deviations of plastic penetration depths were calculated for 
aged and as-received samples under 40, 100, 150 and 200 mN loads.  One-way 
ANOVA revealed no statistically significant difference in the plastic penetration 
depths under similar loads among as-received and aged samples (p>0.05). Data of 





















Load-Displacement Curves: 200 mN

















































Load-Displacement Curves: 100 mN 
Figure 57. Representative load-displacement (depth) hysteresis curves. 
Load-depth hysteresis curve depicts the change in displacement as a result of changing the 
applied load to the nano-indenter.  Each curve is composed of loading (the part closer to 
y- axis) and unloading (the rear part of the curve) cycles.  The two parts are intervened by a 
plateau where the load is held constant to prevent creep or elastic recovery.  Increasing the 
load clearly increased displacement or investigation depth.  The curves for as-received (blue) 
and aged (red) samples overlapped upon using loads equal to 100 and 200 mN.  The use of 
40 and 150 mN resulted in slight shift of the curve for some of the aged samples (top left and 
bottom right).  However, mean penetration depth was not statistically different from the 
as-received group (p>0.05). 
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Table 11.  Summary of mean  displacement or plastic depths. (SD) 
Load (mN) 
Penetration depth (nm) 
As-received Aged 
40 312.51 (45.85) 316.45 (36.6) 
100 501.09 (58.89) 491.07 (57.17) 
150 604.98 (77.25) 609.25 (63.26) 
200 744.08 (57.03) 727.09 (50.31) 
ANOVA test and post hoc analysis (Fisher's least significant difference, LSD) 
revealed no statistically significant differences between as-received and aged samples’ 
hardness values and Young’s moduli when measured at similar loads and thereby 
depths (p >0.05).  Different layers within the as-received and aged samples exhibited 
no significant difference in Young’s moduli. However, hardness values at depth of 
650 nm (tested by 150 mN load) were significantly higher in comparison to other 
tested layers in the as-received group. 
The superficial layer of aged samples (at depth≈ 350 nm, tested by 40 mN load) 
exhibited marginally significant lower hardness values when compared to values 
obtained from bulk of sample (depths≈ 500, 650 and 800 nm, tested by 100, 150 and 
200 mN loads, respectively) (p=0.048).  Such findings did not hold true as far as 



















Figure 58. Comparative graph demonstrating the load-displacement 
relationship for as-received and aged groups. 
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Young’s moduli were concerned.  Interestingly, the layer of the material, in aged and 
as-received groups, intervening between the surface and the bulk of the material 
(depth≈ 600 nm, load 150 mN) exhibited significantly higher hardness and Young’s 
modulus values in comparison to all other layers  Detailed findings of the 
nanoindentation tests are presented in Table 12 and Figure 59. 
Table 12.  Summary of hardness (H) and Young’s modulus (Es) values obtained using 
nanoindentation 
Load 
H (GPa) Es (GPa) 
As-received Aged As-received Aged 
40 mN 13.65 (3.79) 12.91 (3.13) 306.03 (69.9) 289.54 (91.38) 
100 mN 14.09 (2.99) 14.21 (2.93) 302.68 (61.52) 291.69 (57.33) 
150 mN 15.211 (3.58) 14.80 (2.95) 304.11 (71.1) 309.77 (82.72) 
200 mN 13.69(3.22) 14.16 (3.54) 297.02 (67.02) 302.33 (88.68) 
  
Figure 59. Comparative plot of hardness and Young’s moduli. 
Each data point represents a mean value obtained from 5 indentation cycles.  ** indicate the 
marginal decrease of hardness of the most superficial layer of the material as a result of 
hydrothermal ageing (p=0.048).  *** indicate significantly higher hardness and Young’s 
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3.3 Experimental procedures and results: implant samples 
3.3.1 Accelerated in vitro ageing 
Injection moulded, acid-etched, ethylene oxide sterilised, 5 mm diameter zirconia 
dental implants (The White Implant Development Corp. The Netherlands) were 
hydrothermally aged in a 1.2 L high pressure hydrothermal reactor (Series 4540 Parr, 
U.S.A) with 300 ml of distilled water. The ageing cycle lasted for 5 hours at operating 
temperature and pressure equal to 134 ˚C and 2 bar, respectively. Samples were left in 
the hydrothermal reactor upon completing the cycle until 50 ˚C temperature was 
reached. The cooling rate was estimated to be 0.011˚C/sec. Samples were dried using 
air and stored in desiccator until further testing. 
3.3.2 Dynamic fatigue  
Dental ceramic prostheses are repeatedly challenged by mechanical, chemical 
and physical stimuli in the oral environment.  In one decade, and under physiological 
conditions, a dental prosthesis can be subjected to more than 2 million chewing cycles, 
at loads that may exceed 200 N exerted by opposing enamel, dentine or restorative 
materials (Phillips, 1973, Craig and Ward, 1997, Kelly, 1997, Anusavice, 2014).  The 
exposure to aqueous solutions such as water, which is a major constituent of saliva, is 
regarded as one of the most important chemical challenges to dental ceramics 
(Wiederhorn, 1967, Studart et al., 2007b, Kosmać et al., 2008).  The rapid fluctuation 
of the temperature of the oral cavity and the subsequent, repeated episodes of 
expansion-shrinkage of dental tissues and restorative materials comprise a significant 
physical challenge to dental prostheses and luting cements (Ritter et al., 1985, Morena 
et al., 1986, Kern and Wegner, 1998, Blatz et al., 2004, Von Steyern et al., 2006) 
Fatigue failure describes the phenomenon of strength degradation as a result of 
gradual, progressive growth of pre-existing cracks or nucleation of new ones.  This 
process is initiated and exacerbated by cyclic loading, corrosive-stress and temperature 
changes.  These factors collectively; (1) encourage the growth of pre-existing cracks 
and flaws initially introduced during processing or clinical adjustment, (2) favour 
development of de novo cracks at the area of mechanical loading and (3) result in 
constant build-up of plastic strain.  When any of these flaws ultimately attain the size 
of a critical crack, failure takes place (Ritter, 1978, Dauskardt and Ritchie, 1991, 
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Chevalier et al., 1999b, Munz and Fett, 1999).  Kinetics of crack growth as part of the 
fatigue process exhibits a power-law (crack growth exponent, n) dependence on the 
opening mode stress intensity factor (Morena et al., 1986).  
The effect of fatigue phenomena on a material’s strength and reliability can be 
investigated using the dynamic fatigue test (constant stressing method).  In this test, 
samples are subjected to fluctuating stress in the form of a specific number of 
loading/unloading cycles at a predetermined load and frequency.  In the majority of 
cases, loading is exerted using a blunt spherical indenter made of hardened steel.  In 
order to account for other factors affecting fatigue failure, testing can be made in water 
or saliva and at different temperatures (Lawn and Wilshaw, 1975, Jung et al., 2000). 
In vitro fatigue tests can be conducted either using S-N curve or step-stress 
methods.  The fatigue life of a given material denotes the number of loading/unloading 
cycles that precedes fatigue failure.  Fatigue limit (σα) represents the amplitude of 
cyclic stress that a given material can endure without causing fatigue failure (Ritchie 
and Dauskardt, 1991, Wachtman et al., 2009).  The fatigue life (
f
l) of a given material 
undergoing subcritical crack growth as part of on-going fatigue process can be given 
by Equation (24) (Pletka and Wiederhorn, 1982): 
𝒇𝒍 = 𝑩𝝈
𝒏−𝟐𝝈𝒂
−𝒏           (𝟐𝟒) 
Where; 
fl is the fatigue life, 
B is the constant dependent on n, crack geometry and the fracture toughness, and 
σ is the initial strength. 
The fatigue behaviour of zirconia based ceramics has been widely investigated. 
Several studies reported on the fatigue behaviour of magnesia and ceria stabilised 
zirconia ceramics.  Fatigue behaviour in such materials is however significantly 
different from Y-TZP based ceramics.  These materials possess high toughness and 
modest strength as a result of the extensive plasticity enabled by the stress-induced 
t→m (Liu and Chen, 1991, Liu and Chen, 1994).  Stress-induced t→m in such 
materials results in significant, localised shear bands that intersect with grain 
boundaries.  On the other hand, Y-TZP exhibits high strength and modest toughness 
and rather brittle behaviour.  The difference in the manifestations of stress-induced 
t→m may account for the differences in failure modes among different types of 
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zirconia ceramics.  For example, Y-TZP materials are most likely to sustain 
catastrophic failure as a result of growth and propagation of a pre-existing flaw as 
indicated by steep load-extension curves obtained from flexural strength tests.  In 
contrary, MgO stabilised zirconia exhibit large plastic deformation under relatively 
low loads which allows for de novo crack formation and premature failures (Swain, 
1985).  Using dynamic fatigue test, fractography and fracture statistics, Liu and Chen 
(1991) confirmed that Y-TZP fatigue failure occurs as a result of growth of pre-
existing cracks rather than development and nucleation of stress-induced cracks during 
the dynamic fatigue test (Liu and Chen, 1991).   
Several studies demonstrated the essential role of water in crack propagation.  It 
has been proposed that water may mediate the stress-corrosion process and/or 
exacerbate stress-induced or spontaneous tetragonal zirconia phase destabilisation 
(stress-induced t→m and LTD) (Knechtel et al., 1993, Chevalier et al., 1995, Yin 
et al., 1995).  Chevalier et al (1999) studied the fatigue behaviour of a Y-TZP material 
and confirmed that stress corrosion by water molecules can be the key mechanism for 
slow crack growth in zirconia based ceramics.  The authors concluded that both 
stress-corrosion and cyclic loading are functional and increase the crack growth rates 
during dynamic fatigue testing.  They attributed such finding to diminished 
transformation toughening and/or crack bridging of the irreversibly transformed 
tetragonal phase (Chevalier et al., 1999b).   
The role of corrosive stress on post-fatigue strength reliability has been 
investigated.  Cyclic loading in water for short period of time, up to 2000 cycles, and 
at loads up to 800 N did not seem to affect strength reliability of the Y-TZP according 
to one study (Curtis et al., 2006).  However, other studies demonstrated 10-20% 
reduction in strength-survival of Y-TZP ceramics when long-term dynamic fatigue 
tests (Up to one million cycles) were performed in aqueous solutions such as water and 
artificial saliva (Morena et al., 1986, Kosmać et al., 2008).  
The role of the final surface state and hydrothermally-induced LTD or ageing in 
fatigue behaviour of biomedical grade Y-TZP based ceramics has been investigated.  It 
was demonstrated that damage induced by sharp indentation and sandblasting 
drastically affected long-term performance of Y-TZP when tested using dynamic 
fatigue testing (Zhang et al., 2004a, Zhang et al., 2004b, Zhang and Lawn, 2005).  
 
128 
However, Kosmać et al (2008) reported different findings concerning the effect of 
grinding, sandblasting and sandblasting followed by high temperature annealing. In 
their study, dynamic fatigue was performed for one million cycles with an upper load 
limit of 850 N.  The authors reported survival rate 64% and 50% of the as-sintered 
Y-TZP samples when tested in air and artificial saliva, respectively.  After grinding, 
the survival rate was reduced to 20% and 10% when the test was performed in air and 
artificial saliva, respectively. Survival rate of sandblasted samples was 100% under 
both testing conditions.  Sandblasting followed by high temperature annealing resulted 
in a 90% and 60% survival rates when the test was performed in air and artificial 
saliva, respectively.  Sandblasted samples exhibited the highest biaxial flexural 
strength after dynamic fatigue test while the ground samples have had the lowest.  
Furthermore, autoclaving for 2 and 24 hours in artificial saliva at 134 ˚C affected the 
survival rates and post-fatigue fracture strength.  The authors reported survival rate 
60% and 50% of the as-sintered Y-TZP samples when aged for 2 and 24 hours, 
respectively.  Ground samples have had a survival rate of 10% and 0% when the 
ageing was performed for 2 and 24 hours, respectively.  Survival rate of sandblasted 
samples was 80% under both ageing periods.  Survival rate of the samples that 
received sandblasting followed by high temperature annealing was the least affected 
where 90% and 60% of the samples survived the dynamic fatigue test when the ageing 
was performed for 2 and 24 hours, respectively.  Sandblasted samples exhibited the 
highest biaxial flexural strength after dynamic fatigue test while the ground samples 
have had the lowest for samples aged for 2 and 24 hours (Kosmać et al., 2008). 
Accelerated and prolonged investigations on standardised Y-TZP samples 
demonstrated variable findings regarding fatigue behaviour of the material.  Short-term 
studies reported that commercially available Y-TZP materials survived a dynamic 
fatigue test for half million cycles when using a load equal to 60-70% of the mean 
biaxial flexural strength (Pittayachawan et al., 2007, Pittayachawan, 2008).  Survival 
rate and post-fatigue fracture strength were however reduced by 10-15% upon loading 
for 1 million cycles according to Kosmeć et al (Kosmać et al., 2008).  
While fatigue behaviour of Y-TZP material in non-standard geometries has been 
widely studied, studies reporting failure of monolithic or full contour Y-TZP single 
crowns, fixed partial dentures and transmucosal abutments remain scarce.  The 
majority of such restorations survived dynamic fatigue and retained high fracture 
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strength after fatigue testing.  Full contour crowns with average thickness of 0.5 mm, 
milled from commercially available pre-sintered zirconia blocks were investigated by 
Beuer et al (2012).  All samples survived a total of 120,000 cycles of unidirectional 
antagonist loading with a frequency of 1.6 Hz and continuous thermocycling 
(5 °C and 55 °C).  In addition, samples retained high fracture strength after cyclic 
loading that exceeded 10000 N (Beuer et al., 2012).  Furthermore, it has been reported 
that Y-TZP bridges may survive severe dynamic fatigue tests in wet conditions under 
loads typically applied in the molar region. In spite of their susceptibility to subcritical 
crack growth, the life-time of such bridges was estimated to be in excess of 20 years 
with the use of proper connector design and dimensions (Studart et al., 2007).   
The fracture resistance and fatigue behaviour of prefabricated and custom-made 
Y-TZP abutments have been investigated by a number of in vitro studies.  In their 
chewing simulation study, Butz et al. (2005) compared fracture strength of titanium 
reinforced zirconia, alumina and titanium abutments.  Zirconia abutments showed 
fracture resistance similar to titanium controls and significantly higher than the 
alumina group.  No screw loosening or detectable cracks could be found in the zirconia 
group after chewing simulation (Butz et al., 2005).  These findings were confirmed by 
Gehrke et al. (2006) who concluded that zirconia abutments exceeded the established 
values for maximum incisal bite forces reported in the literature and maintained a tight 
fit inside titanium fixtures after five million chewing cycles (Gehrke et al., 2006). 
Clinical studies with relatively high sample size reported good short- to 
medium-term success rate of veneered zirconia single crowns.  From all the followed 
up restorations, one sustained fracture of the zirconia substructure just one month after 
insertion indicating flawed processing (Cehreli et al., 2009, Ortorp et al., 2012).  
Framework fracture was more evident in fixed partial denture restorations.  Up to five-
year follow-up studies reported less than 10% of fixed partial dentures sustained 
framework fracture (Sailer et al., 2007, Beuer et al., 2009, Schmitter et al., 2009).  
Long span restorations, inlay-retained design and non-HIP soft-milled frameworks 
were the most susceptible to fracture (Ohlmann et al., 2008).   
Zembic et al.(2009) published results of their randomised controlled trial in 
which 18 zirconia and 10 titanium abutments used to restore implants in canine and 
posterior regions.  Results showed 100% survival rate when abutments were followed 
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up to a mean period of 3 years (Zembic et al., 2009).  Additionally, Nothdurft and 
Pospiech (2009) studied the performance of zirconia abutments for posterior single 
tooth replacement and found no mechanical or biological signs of failure associated 
with any reconstruction followed for six months (Nothdurft and Pospiech, 2010). 
Fatigue behaviour of zirconia dental implants has been recently investigated. 
Utilising a step-stress dynamic fatigue approach, Silva et al. (2009) demonstrated an 
insignificant effect of cyclic loading (up to 150,000 cycles) on the fracture strength of 
a one-piece zirconia dental implant design.  They also concluded that implant head 
preparation to receive a crown restoration using diamond burs fitted in a high-speed 
handpiece under copious amount of irrigation did not have any drastic effects on the 
implants’ reliability and fatigue resistance (Silva et al., 2009).   
Andreiotelli and Kohal  (2009) investigated the fatigue resistance of two types of 
HIP one-piece zirconia implants (Sigma
®
 implants, Incermed, Lausanne, Switzerland 
and BIO-HIP
®
, Nobel Biocare AB).  Sigma
®
 implants exhibited poor performance as 
50% failed during fatigue testing.  However, they had mean fracture strengths of 1337 
and 855 MPa before and after fatigue test, respectively. BIO-HIP
®
 implants performed 
better as more than 90% of studied samples (unprepared, prepared, restored and 
unrestored) survived the fatigue test.  However, it was noticed that preparation of the 
implant head to receive a crown restoration significantly compromised fracture 
strength (Andreiotelli and Kohal, 2009).   
Kohal et al (2011) reported that 1 mm chamfer preparation and cyclic loading 
(1.2 and 5 million cycles) of HIP, one-piece zirconia implants (4 mm diameter; 12 mm 
length, White Sky
®
, Germany) significantly decreased the fracture strength but not to 
an extent to preclude their use as they could still withstand maximum physiological 
loads after an extended interval of artificial loading (Kohal et al., 2011).  
 Sanon et al (2013) investigated the effect of hydrothermal ageing on fatigue 
behaviour of one-piece zirconia dental implants with a porous coating.  Using a step-
stress approach, the authors calculated Weibull moduli and post-fatigue characteristic 
strengths for non-aged and hydrothermally-aged (20 hours) implants. Weibull moduli 
were 0.80 and 0.16 for the aged and non-aged groups respectively; indicating that 
failure of such implants was not time-dependent and may be attributed to random, 
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atrocious, processing flaws.  The characteristic strength values were 1235 N and 826 N 
for aged and non-aged implants, respectively (Sanon et al., 2013). 
Kohal et al. (2006) reported 100% survival rate for one-piece zirconia dental 
implants restored with high density alumina all-ceramic crowns after being exposed to 
1.2 million cycles at load of 50 N and constant thermocycling throughout the test.  
Additionally, the post-fatigue fracture strength values were not significantly different 
from unfatigued counterparts and similar to fracture strength values of fatigued 
titanium implants that were restored with porcelain fused to metal (PFM) crowns 
(Kohal et al., 2006).   
A prototype two-piece design comprised of zirconia implant and abutment joined 
by resin cement and restored with all ceramic crowns was subjected to dynamic fatigue 
testing for 1.2 million cycles at load equals 45 N with constant thermocycling 
throughout the test.  All samples survived the fatigue test.  However, the system 
exhibited low initial and post-fatigue fracture strength values.  More importantly, all 
failures were confined to the implant head (Kohal et al., 2009a).  A Swiss dental 
implant manufacturer (Swiss dental solutions AG, Switzerland) claims in their 
marketing material that a 3.8 mm diameter zirconia implant, zirconia abutment and 
associated interface withstand dynamic fatigue testing according for two million cycles 
at 240 N without fracture.  The associated interface or in other words the joining 
method can be mechanical (utilising gold, titanium or PEEK screws) or adhesive 
(luting cements) or both.  The implant is machined from Y-TZP blocks and annealed at 
high temperatures.  
3.3.2.1 Sample preparation 
Sixty, 5 mm diameter zirconia implants (White Implant System
®
, White Implant 
Development Corp. The Netherlands) were divided into 2 groups; as-received and 
aged.  The latter group received hydrothermal treatment as in the Section 3.2.1.  Each 
group was further equally subdivided into two groups which received different crown 
materials.  Abutments were prototyped to tightly fit within the internal connection of 
the implant utilising a digital file of the implant design.  Abutments were designed 
with 10˚ taper, 5.5 mm length and 4 mm diameter as shown in Figure 60.  Detailed 2D 
drawing of the abutment design is presented in Appendix E.  Digital (.STL) file was 
exported in a PDF viewable version and included in the CD submitted with this thesis. 
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Abutments were milled from Triflor
®
 glass fibre raw material (E. Hahnenkratt 
GmbH, Germany).  All abutments were abraded using air-borne Al2O3 particles 
(125 µm, John Winter Dental, UK) for 5 sec at 0.28 MPa pressure from 2 cm distance 
using pencil microblaster (Renfert GmbH, Germany).  Abutments were immersed in 
60% acetone and cleaned in ultrasonic cleaner for 3 min.  
Following the cleaning process, abutments were washed thoroughly with distilled 
water and dried using a 3 in 1 syringe.  The inner surface of implants and the 
connecting (submerged) part of GFC abutments were primed using methacryloxydecyl 
phosphate (MDP) containing ceramic primer (Clearfil
TM
 Ceramic Primer, Kuraray 
Dental, Japan).  Two layers were used and thinned by air blowing from a 3 in 1 
syringe.  Components were left to dry at room temperature for at least 2 min.  
Abutments were cemented inside implants using a self-adhesive; self-etch; 
fluoride-releasing, dual-cure resin cement according to manufacturer’s instructions 
(Panavia SA, Kuraray Dental, Japan).  Cement was injected inside the implant cavity 
using a fine tip attached to an automix tube.  Primed abutments were placed slowly 
with slight vibrating movement to prevent air being trapped within the cement layer. 
While maintaining constant finger pressure on the abutment, excess cement was cured 
Figure 60.  Standardised glass fibre composite (Triflor®) abutment design. 
Bottom, 2D drawing of the prototyped abutment.  45° bevels were placed in all line angles to 
prevent chipping.  Top, snapshots from the digital file used to mill the abutments.  The 10° 
taper, the part of the abutment that tightly fits inside the zirconia implant as well as the 
robust ant-rotation feature can be seen. 
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Figure 61. CAD of implant supported all ceramic crowns. 
Left, a snapshot from the digital file containing the scan for the prepared implant head and 
cemented abutment.  The finish line was identified for each sample to ensure accurate 
marginal fit.   Right, the external surface morphology of the designed crown.  Cingulum area 
was overcontoured to incorporate flat area for loading.  This design was used as a bioform 
that was copied to all other crown restorations. 
using halogen light (Demetron® LC™, Kerr, UK) for 5 sec until a slightly thick 
consistency was achieved. This allows for one-piece excess cement removal.  Then, 
cement was light-cured again for 20 sec and left for 5 min to allow for maximum 
chemical curing to take place.  The coronal 0.5-1.0 mm of the implant head was 
prepared to 0.5 mm deep chamfer finish line using fine grit, multi-layer gold diamond 
burs (45 µm, Diatech, Coltene, Switzerland) fitted in a high-speed handpiece (400,000 
rpm, Synea®, W&H Dental WerksBürmoos GmbH, Germany) with continuous water 
cooling.  Depth of preparation was continuously checked with the use of periodontal 
probe and a silicone index made on a non-prepared implant-abutment assemblies. 
All samples were sent to an external dental laboratory for construction of all 
ceramic crowns.  The prepared samples were digitally scanned using a blue LED light 
scanner (Scan ST, Steinbichler, UK). Exocad
®
 DentalCAD software (Exocad GmbH, 
Germany) was used to design a crown restoration with similar dimensions and 
morphology to a permanent maxillary central incisor tooth.  The cingulum area was 
overcontoured to provide a flat area for loading.  The cingulum area was positioned 
4 mm below the incisal edge in the palatal aspect of the restoration.  The external 
surface form of the designed crown was copied to all other restorations.  The area of 




Thirty implants, 15 as-received and 15 aged, called group 1 and group 3 
respectively, were restored using low translucency pressable lithium disilicate glass-
ceramic crowns (IPS e.max Press, IvoclarVivadent, UK).  Crowns were processed and 
glazed following the manufacturer instructions using the recommended press furnace 
(EP5000, IvoclarVivadent, UK).  Fitting surfaces of all crowns were etched with 5% 
hydrofluoric acid (IPS etching gel, IvoclarVivadent, UK) for 20 sec, washed with 
distilled water and air-dried using 3 in 1 syringe. Internal surfaces of the crowns and 
restorable part of the implant-abutment assemblies were all primed using ceramic 
primer (Clearfil
TM
 Ceramic Primer, Kuraray Dental, Japan) as before.  Crowns were 
bonded to implant-abutment assemblies using dual-cure resin cement (Panavia SA, 
Kuraray Dental, Japan) as described before.  
Thirty implants, 15 as-received and 15 aged, called group 2 and group 4 
respectively, were restored using monolithic, full contour zirconia crowns (Lava™Plus 
System, 3M ESPE, UK).  Crowns were milled from pre-sintered zirconia blanks, the 
size of which has been increased to compensate for the sintering shrinkage.  Sintering 
of the milled crowns was performed according to manufacturer’s instructions in a 
special high-temperature furnace (Lava
TM
Therm, 3M ESPE, UK).  Crowns were 
subsequently polished using standard diamond-loaded rubber polisher set for ceramic 
materials (Vident
TM
, USA).  A high-shine polishing step was performed using a 
diamond polishing paste and various polishing brushes (Ultradent
®
, UK).  Internal 
surfaces of the crowns and restorable part of the implant-abutment assemblies were all 
primed using ceramic primer as before.  Crowns were bonded to implant-abutment 
assemblies using dual-cure resin cement (Panavia SA, Kuraray Dental, Japan) as 
described before.  Flowchart presented in Figure 62 summarises different experimental 
groups.  
Figure 62. Outline of the study and different experimental groups. 
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The internal shape of the sample fixture of the dynamic fatigue testing machine 
(Instron, UK) was recorded using light-bodied silicone impression material (Extrude®, 
Kerr, UK).  The impression was invested with type IV dental stone and replaced with 
autopolymerising acrylic resin.  Negative replicas of the resulting acrylic block were 
created using silicone duplicating material (Metrosil Plus®, Metrodent, UK).  The 
resulting moulds were used to cast autopolymerizing acrylic resin blocks (Technovit® 
4000, HeraeusKulzer, Wehrheim, Germany) that precisely fitted in the sample fixture 
of the dynamic fatigue machine (Figure 63).  Additionally, during the setting process 
of these blocks, implant-abutment-crown assemblies were embedded centrally and 
vertically to the level of the first thread of the implant (Figure 64). 
  Figure 63. Reproduction of internal surface of the bottom fixture (sample holder) used in 
dynamic fatigue test. 
Stages for creating a mould to be used for mounting implant in resin block that tightly fits to 
the fixture used to stabilise the sample during dynamic fatigue test. From top left to bottom 
left, silicon impression of the sample housing, investing with dental stone and subsequent 
replacement with acrylic., the negative replica of the acrylic pattern using duplicating 
material, the inside and outside appearance of the final mould used for resin block 
construction and implant mounting. 
Figure 64. . Implant-abutment-crown assembly embedded in resin block  
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3.3.2.2 Dynamic fatigue test protocol 
Dynamic fatigue test was performed in accordance with ISO 14801 for dynamic 
fatigue testing of dental implants with minor deviations (ISO 14801, 2007).  Prepared 
samples were mounted securely (frictional fit and screw-retained) in the sample holder 
at 30˚.  When vertically loaded, the angle between long axis of the sample and the 
loading apparatus was approximately 120˚ as shown in Figure 65.  This angle falls in 
the range (110-145˚) of inter-incisal angle values in subjects with various types of 
occlusions (Meneghini and Biondi, 2012). 
The effective load range exerted onto the implant–abutment-crown assemblies 
was 20-200 N.  The load was applied using a custom-made loading apparatus with 
4 mm diameter hardened steel ball to load the designed flat area incorporated in the 
palatal surface of the crown.  A load cell with maximum capacity of 250 N was used 
(Dynacell, Instron, UK).  Figure 66 demonstrate effective load range delivered to a 
sample throughout a completed test.  A dynamic fatigue testing machine (ElectroPuls 
E3000, Instron, UK) was used to apply 2.4 million chewing cycles at a frequency of 15 
Hz on all samples. The number of cycles was chosen to simulate 10 years of clinical 
functional loading (DeLong and Douglas, 1983, Krejci and Lutz, 1989).  The test was 
performed whilst all samples were immersed in 37˚C distilled water.  The water 
temperature was controlled using a thermal water circulator (Gallenkamp, Germany).  
WaveMatrix™ Dynamic Test Software (Instron, UK) was used to control the dynamic 
Figure 65. Sample mounted and loaded during dynamic fatigue test. 
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fatigue test in reference to digital position of the upper fixture (Figure 67).  The test 
was programmed to stop in the event of displacement of upper loading fixture exceeds 
250 µm or load trips the 230 N limit.  This allowed detection of fractures, cracks and 
component debonding.  Samples were visually inspected under strong illumination to 
identify the presence of cracks or hairline fractures in the crown or implant head. 
  







Effective Load- Cycle Curves
























Loading Apparatus Displacement During Loading
Figure 66. Effective load-cycle curves. 
Graph obtained from WaveMatrix™ Dynamic Test Software depicting the effective load 
delivered to the sample at each cycle during the entire fatigue test. 
Figure 67.  Displacement of upper loading fixture at each loading cycle during the entire 
dynamic fatigue test. 
Displacement of the upper loading fixture is detected by digital position sensors.  The 
maximum amount of displacement in this completed representative dynamic fatigue test did 
not exceed 55 µm.  The test was programmed to stop if the displacement exceeds 250 µm 
which could be as a result of component cracking, fracture or debonding.   
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Out of 60 samples, three only failed the dynamic fatigue test (1 sample from each 
of group 1, group 2 and group 3).  All failures occurred after 1.8 million cycles as a 
result of abutment debonding.  None of the failures involved implant head or crown 
restorations (Figure 68).  Such failures caused the machine to stop as the amount of 
subsequent upper loading fixture displacement was well above 250 µm.  A shift in the 
curve depicting digital position throughout the test was clearly identifiable at the time 
of failure (Figure 69).  Signs of contact abrasion could be seen in both crown materials 
at the area of loading.  No cracks radiating from the loaded areas were however 
noticed. 
  
Figure 68. Outcome of dynamic fatigue test. 
Left, a representative sample debonded after 1.9 M loading cycles.  No damage could be 
detected at the level of implant head or abutment upon examination under strong 
transillumination and ×6 magnification.  Right, loaded area of a crown in a sample from 
group 1 that survived the dynamic fatigue test.  Contact abrasion can be seen in the loaded 
area but no cracks could be detected in the transilluminated crown. 
Figure 69.Loading apparatus displacement during fatigue test of a sample that was 
debonded during loading. 
The test was stopped due to tripping the maximum limit of digital position 
(displacement) of the loading apparatus.  The sample was not completely debonded but 
the movement at the implant abutment interface exceeded 250 µm. 
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3.3.2.3 Post-fatigue fracture strength 
Samples that survived the dynamic fatigue test were loaded to failure to 
determine post-fatigue fracture strength.  The same setup used in the dynamic fatigue 
test was altered to allow using the machine in static mode.  The load cell was changed 
to 50 kN and the crosshead speed was 0.5mm/min.  Testing was performed in distilled 
water at 37˚C.  Load-extension curves were generated by WaveMatrix™ Dynamic 
Test Software (Instron, UK) and used to determine failure loads.  Statistical analysis 
and data plotting were performed as described in Section 3.2.2. 
Five failure modes were observed upon loading the 57 samples to failure. 
Implant head fracture (H), fracture at the level of first implant thread (T), crown 
rupture (R), abutment-crown bending followed by cervical chipping of the crown (C) 
and a combination of H and R (HR). 
H failure mode was characterised with spall formation from the labial side of the 
implant head.  The fracture originated from a crack propagated in the thinnest area 
confined between the zeniths of the petal shaped internal connection and the inner end 
of the prepared finish line.  In failure mode T, the transverse fracture involved the full-
thickness of the implant at the level of first thread.  The fracture surface was level with 
the mounting resin.  In R failure mode, crown fracture involved the labial incisal parts 
along the sagittal plane of labial aspect of the crown.  The fracture originated from 
cracks developed at the mesio- and disto-labial line angles.  The fracture spared the 
abutment and prepared implant head.  In failure mode C, failure started as the load 
caused forward bending of the abutment-crown in the labial direction with subsequent 
opening of the palatal margin.  At higher loads, small ceramic chipping occurred at the 
cervico-labial aspect of the crown.  The chip was delineated by mesial and distal 
cracks and the finish line on the implant head cervically. A video showing C and H 
failures in representative samples from group 1 and 2 is included in the CD submitted 
with this thesis.  
The failure mode HR occurred in one sample where the crown rupture did not 
involve the loading area and the system was able to maintain compressive loading.  
Then, at a slightly higher load, implant head fractured as described in failure mode H.  
Samples failed following this sequence of events were considered as H failure as the 
interest was in the final outcome of the test as well as to facilitate data analysis 
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process. Figure 70 demonstrates representative samples sustained each of the 
aforementioned failure modes. 
  
Figure 70. Various failure modes in representative samples during post-fatigue fracture 
strength test. 
Top left, the most common failure mode (H) in group 2 & 4.  Top right, failure mode (R) 
where the crown ruptured along the frontal plane as a result of cracks originated in the 
mesial and distal surfaces.  Middle, sample failure mode was (C).  The opened margin 
between crown and implant indicate bending of the abutment under loading followed by 
chipping of cervical part of the crown.  Bottom, one of the 2 samples that sustained 
transverse implant fracture at the level of mounting resin or first thread (T). 
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Analysis of failure modes revealed the following findings: 
 In group 1, 14 samples were loaded to failure.  The failure modes-loads 
distribution was as the following; 7 samples exhibited R as the sole failure 
mode with mean failure load of 698.61±68.91 N, 4 samples exhibited C as 
the main failure mode with mean failure load of 476.51±46.69 N and 
3 samples sustained H failure mode with mean fracture load 614.82±51.07 N.   
 In group 2, 14 samples were loaded to failure.  One sample exhibited T 
failure mode at a load equal to 1070.2 N. Thirteen samples sustained failures 
from H category with mean fracture load of 534.45±138.19 N. 
 In group 3, 14 samples were loaded to failure.  The failure modes-loads 
distribution was as the following; 11 samples exhibited C as the main failure 
mode with mean failure load of 345.22±78.31 N and 3 samples sustained H 
failure mode with mean fracture load 490.99±104.16 N.   
 In group 4, 15 samples were loaded to failure.  One sample exhibited T 
failure mode at load equals to 863.44 N. Fourteen samples sustained failures 
from H category with mean fracture load of 568.65±122.15 N.  Table 13 and 
Figure 71 summarise the results of post-fatigue fracture strength test for all 
experimental groups. 
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The results indicated that the type of crown material largely influenced the failure 
mode.  The use of lithium-disilicate glass ceramic restorations as in group 1 and 3 (IPS 
e.max Press, IvoclarVivadent, UK) to restore implant-abutment assemblies, 
unsurprisingly resulted in failures sparing the implants in the majority of cases.  Crown 
rupture (R) and crown chipping (C) with abutment deformation were the most 
dominant failure modes in these groups.  As expected, crown rupture occurred at 
higher loads when compared to crown chipping and abutment deformation (Figure 72).  
This can explain the higher mean post-fatigue fracture strength of group 1 when 
compared to group 3 as the former had seven R failures in comparison to none in the 
latter group. 
Weibull parameters were calculated in order to determine differences in the 
probability of failure among various individual experimental groups.  Group 1 
exhibited the highest Weibull modulus (β) and characteristic strength (α).  Group 2 had 
the lowest β while group 3 exhibited the lowest α value.  The difference between the 
groups was however not statistically significant as indicated by the overlap in the 


























Post-Fatigue Fracture Strength 
Figure 71. Comparative graph for post-fatigue fracture strength data. 
Boxplots represent data from post-fatigue fracture strength tests. Samples debonded during 
dynamic fatigue test are represented as (  ).  Outlier values are represented as (  ) and when 
annotated with () represent implants that suffered (T) failure mode.  Line and square 
within each boxplot represent mean and median of the dataset, respectively. 
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95% CI obtained for β and α for all groups.  Table 14 summarises Weibull parameters 
obtained for all experimental groups 




β (95% CI) α (95% CI) R2 
Group 1 617.2 (111.9) 4.2-6.3-9.6 608.3-663.7-724.1 0.95 
Group 2 572.7 (191.7) 2.1-3.1-4.5 534.1-640.1-767.2 0.97 
Group 3 376.5 (103.5) 2.6-3.8-5.5 358.8-416-482.3 0.98 
Group 4 588.3 (139) 2.9-4.4-6.6 570.1-646.4-732.8 0.94 
Figure 72.  Comparative graph of post-fatigue fracture strength for samples restored with IPS  
e.max Press crowns. 
Boxplots represent data from post-fatigue fracture strength tests.  Outlier values are 
represented as (⍣).  Line and square within each boxplot represent mean and median of the 
dataset, respectively. Data points are presented beside each boxplot.  Data points masked 
with green represent samples sustained H failure mode in group 1 and 3.  The 4 points 
highlighted with faint red represent those samples sustained C  failure in group 1.  The 
remaining blue points represent samples sustained R failure mode.  The remaining red 



























The effect of ageing on the strength of zirconia implants could not be 
comprehensively verified in groups 1 and 3 as only 3 samples from each group 
sustained failures involving the implant head.  Thus, the values obtained from samples 
that sustained H failure mode were pooled and divided in non-aged implant and aged 
implant groups.  Weibull parameters were calculated and compared for these two 
groups. 
A one-way ANOVA test revealed no significant difference between the mean 
fracture strength values for samples that had sustained implant head fracture in the 
pooled non-aged and aged groups (p>0.05).  In addition, Weibull moduli were 
4.12 (95% CI: 2.74-6.21) and 5.02 (95% CI: 3.36-7.51) for non-aged and aged groups, 
respectively.  Characteristic strength values of the studied samples were 588.36 N 
(95% CI: 511.55-676.71) for non-aged and 618.97 N (95% CI: 554.07-691.49) for 
aged groups.  The overlapping 95% CI indicated no significant difference between 
strength reliability of non-aged and aged implants.   
Within the limitations of a relatively small sample size, hydrothermal ageing did 
not seem to have a significant drastic effect on the strength reliability of the studied 
implants.  Figure 73 shows comparative Weibull plots for pooled, non-aged and aged 
groups.  
Figure 73. Comparative Weibull plot for pooled post-fatigue fracture strength. 
data for non-aged and aged implants sustained H failure mode. 
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The load-extension or R-curves were plotted for representative samples that 
sustained various failure modes in each experimental group.  In group 1 and 3, R or 
HR, H and C were the failure modes encountered.  During HR failure, the crown 
sustained brittle fracture or rupture as indicated by a sharp symmetric peak.  Shortly 
afterwards, the implant head fractured after limited plastic deformation as indicated by 
the rounded peak in the R-curve.  During C failure, abutment bending and margin 
opening occurred first followed by chipping of the cervical part of the crown.  Plastic 
deformation continued over a wide range due to continuing abutment bending.  During 
H failure mode, notable plastic deformation was observed in the R-curve.  The failure 
started with subtle abutment bending followed by implant head fracture.  Figure 74 
demonstrates R-curves of failure modes of representative samples from group 1 and 3. 
In group 2 and 4, H and T failure modes were encountered.  During both modes; 
implant head (H) or body (T) fractured after a notable period of plastic deformation.  
Figure 75 demonstrates R-curves of failure modes of representative samples from 



























Figure 74. R-Curves for various failure modes in group 1 and 3. 
In HR (—), crown fractured first (1) followed by implant head (2).  In C (—) abutment 
bending started (1), followed by cervical crown chipping (2) and finally prolonged plastic 
deformation (3) due to continued abutment bending.  In H (—) Implant head fractured (2) 




Results of static mechanical tests reported in this chapter are summarised in 
Table 15.  In Section 3.2.2, analysis of variance has shown that there was no 
statistically significant difference between the mean biaxial flexural strength of the 
as-received and aged groups.  Strength reliability was analysed using Weibull 
statistics.  The assumption that all fracture strength data follows Weibull distribution 
has been recently and vigorously questioned. It has been shown that the fracture 
statistics may severely depart from Weibull distribution and such departures can be 
indiscernible in sample size less than 30 (Danzer et al., 2007).  Such problems may be 
more evident when Weibull parameters are estimated by least squares analytical 
procedure.  However, the use of maximum likelihood method, as in this work, may 
ameliorate this problem. It was proposed, treated and verified to accurately help with 
estimation of Weibull parameters (Jayatilaka, 1979, Trustrum and Jayatilaka, 1979).  
The latter method exploits a series of iterations to solve complex data such as those 
following a non-linear distribution (Wachtman et al., 2009).  
Hydrothermal ageing did not seem to affect flaw distribution as indicated by the 
lack of significant difference between the Weibull moduli of both groups. In fact, the 
large values for the Weibull moduli for both groups indicated fewer critical flaws, 
narrow and homogenous distribution of flaw sizes and presence of flaws in areas 



















Figure 75. R-Curves for various failure modes in group 2 and 4. 
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In addition, characteristic (Weibull) strength was similar among both groups which 
points toward that reliability of strength was not affected by the hydrothermal ageing.  
Piconi et al (1998) reported similar findings when they studied strength degradation of 
a Y-TZP material made of yttria coated powder as a result of different ageing condition 
at different time points.  Their material had initial strength and Weibull modulus 
comparable to the one reported in this study (1035 MPa, 12 vs. 1003.7 MPa, 15.2).  
When hydrothermal ageing (140 ˚C, 2 bar) was performed for 6 hours, their material 
showed comparable behaviour and no strength degradation was noticed (1005 MPa, 
17.5 vs. 1033.1 MPa, 10.8).  In the same study, exposure of the same material to 
similar ageing conditions for 120 hours or storage in Ringer’s solution at 37 ˚C for one 
year had no detrimental effects on strength and reliability (Piconi et al., 1998). 
Ardlin (2002), Papanagiotou et al (2006) and Borchers et al (2010), reported that 
various prolonged in vitro ageing treatments (hydrothermal and chemical) did not 
adversely affect the flexural strength and reliability of a commercially available Y-TZP 
ceramic.  In addition, storage in saline and distilled water at various temperatures and 
for periods (up to 3 years) did not drastically affect bending strength of Y-TZP (Ardlin, 
2002, Papanagiotou et al., 2006, Borchers et al., 2010).  Maintenance or slight increase 
in the flexural strength after heat treatment (ageing) may be attributed to the plastic or 
non-linear deformation exhibited by the heat-treated samples (Swain, 1985).  
Other studies however reported strength degradation of Y-TZP materials upon 
artificial and in vivo ageing.  The majority of these studies performed extremely 
prolonged ageing which does not correlate to the target survival period of the material 
when used in vivo (Ban et al., 2008, Flinn et al., 2012).  One of the studies used very 
thin Y-TZP (0.2 mm) bars which is applicable to crown and bridge dental restorations 
but not to dental implants which at least have 4 mm diameter (Flinn et al., 2012).  In 
addition, the authors of these studies only compared the mean BFS values of different 
groups using two-way ANOVA test which is reportedly considered inadequate 
(Wachtman et al., 2009).  This is attributed to the fact that flexural strength of 
ceramics is heavily dependent on the presence and distribution of major flaws as a 
result of processing or surface treatment.  Thus, robust, failure probability based 




Table 15.  Summary of results from static mechanical studies. 
 
Biaxial Flexural strength (MPa) Edge Fracture Strength (MPa) Vicker’s Microhardness (GPa) 
 
As-received Aged As-received Aged As-received Aged 
Mean (SD) 1003.7 (73.1) 1033.1 (102.1) 239.8(16.9) 248.1(12.1) 14.06(0.61) 13.81(0.44) 
β (95% CI) 15.8 (12.5-20.5) 10.8 (8.7-14.2) 15.7 (11.9-20.2) 22.2 (17.5-29.2) 25.9 (21.1-31.9) 27.5 (21.6-34.9) 









14.3 (14.1-14.5) 14.03 (13.8-14.2) 
R2 0.99 0.98 0.97 0.98 0.91 0.97 
t - - - - 5.14 (0.1) 5.18 (0.07) 
       
 
Hardness (GPa) Plastic Depth (nm) Young's Modulus (GPa) 
Load (mN) As-received Aged As-received Aged As-received Aged 
40 13.7 (3.8) 12.9 (3.1) 312.5 (45.9) 316.5 (36.6) 306.0 (69.9) 289.5 (91.4) 
100 14.1 (2.9) 14.2 (2.9) 501.1 (58.9) 491.1 (57.2) 302.7 (61.5) 291.7 (57.3) 
150 15.2 (3.6) 14.8 (2.9) 604.9(77.2) 609.3 (63.3) 304.1 (71.1) 309.8 (82.7) 
200 13.7 (3.2) 14.2 (3.5) 744.1(57.0) 727.1 (50.3) 297.0 (67) 302.3 (88.7) 
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Analysis of variance has shown that there was no statistically significant 
difference between the mean edge fracture strength values of the as-received and aged 
groups as shown in Section 3.2.3.  Edge strength reliability was analysed using 
Weibull statistics.  Hydrothermal ageing did not seem to affect flaw distribution as 
indicated by the lack of significant difference between the Weibull moduli of both 
groups.  In fact, the large values for the Weibull moduli for both groups indicated 
fewer critical flaws, narrow and homogenous distribution of flaw sizes and presence of 
flaws in areas subjected to less stress.  This in turn enhances the quality of reliability of 
the material.  In addition, characteristic (Weibull) edge strength was similar among 
both groups which points toward that reliability of strength was not affected by the 
hydrothermal ageing.  
The edge fracture strength (chipping load) was determined at a distance of 
0.3 mm from the edge.  The very widely used test setup at 0.5 mm distance from the 
edge was not used in this project because; firstly, pilot testing revealed that the load 
required to cause chipping was very high and caused displacement of the sample in 
many instances despite the robust locking device used to stabilise the samples.  
Secondly, on several occasions, the high loads applied to the indenter caused gross 
fracture of the samples rather than edge chipping. 
The machine used for this test can be operated in load or acoustic sensing modes.  
In the latter case, the event of formation of an indentation or minor cracking at low 
loads will be sensed as a failure and cause the test to terminate.  In addition, operating 
the machine in this mode can be difficult as a result of external noise that may interfere 
with optimum testing.  Thus, the machine was operated in load sensing mode where 
the load cell detects abrupt drop in load as a result of chipping.  
Generally, ceramic materials are more susceptible to catastrophic marginal 
fractures owing to their low edge fracture strength and brittleness.  However, thanks to 
the dense crystalline structure and the transformation toughening mechanism, the 
studied Y-TZP material demonstrated very high edge fracture strength values which 
exceeded those reported for ductile materials such as resin composites (Watts et al., 
2008).  The measured edge fracture loads at 0.3 mm distance from the edge in this 
study were slightly different from those reported in the literature. Gogotsi et al (2007) 
reported edge fracture loads for three different Y-TZP materials ranging between 
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180-220 N (Gogotsi et al., 2007).  In addition, Petit et al (2009) found that edge 
fracture load ranged between 150-320 N for two different types of Y-TZP (Petit et al., 
2009).  The incongruence in the reported edge fracture strength may be attributed to 
several elements including; firstly, the aforementioned studies used a variety of sample 
preparation techniques such as polishing, machining, and machining followed by high 
temperature annealing.  Secondly, investigators used indenters with different 
geometries which was reported to have an effect on and the chip size and thereby edge 
fracture strength values (Gogotsi et al., 2007). 
Several investigators utilised the same setup in order to measure the edge fracture 
strength as a function of distance from the edge and thereby the chip size.  There is a 
consensus that the higher loads are required to produce a larger chip size.  However, 
whether the relationship assumes linear mode or not has still not been exhaustively 
investigated for Y-TZP materials.  One study reported significant departure from linear 
relationship in two different Y-TZP materials (Petit et al., 2009).  Investigating this 
aspect was not feasible in this project owing to limited access to the machine required 
for such testing.  
Another testing setup has been used to measure the edge fracture strength of 
Y-TZP.  Petit et al (2009) reported the use of sliding indentation test utilising a scratch 
tester at several displacement speeds (0.5-15 mm/min) and loads (20-80 N) (Petit et 
al., 2009).  This technique utilises minimal loading which results in smaller chip sizes.  
Smaller chips are less likely to be affected by surface flaws in the vicinity of the 
propagating cracks which in turn, significantly reduce the distortion of the chip 
geometry and the scattering of the edge fracture strength values.  The consistency 
between the data derived from static and sliding edge fracture strength tests was 
reported as being high especially when adjustment for differences in friction 
coefficient values was performed (Petit et al., 2009).  Comparison of test results from 
static and sliding chipping tests at distance of 0.3 mm from the edge is not feasible.  
This is attributed to the fact that chipping at this distance is impossible to occur under 
such minimal loads used in the sliding chipping test. 
The studied as-received material exhibited a high Vickers hardness number 
comparable to those reported in the literature for commercially available Y-TZP 
materials as shown in Section 3.2.4 (Luthardt et al., 2002, Guazzato et al., 2004, 
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Pittayachawan et al., 2007, Pittayachawan, 2008).  This can be attributed to highly 
dense microstructure, submicron crystal size, highly textured surface as a result of 
injection moulding processing as well as the unique toughening mechanisms possessed 
by Y-TZP.  Monoclinic phase exhibits significantly lower hardness values in 
comparison to tetragonal counterpart (Ingel et al., 1983, Din and Kaleem, 1998).  
Thus, it is expected that hydrothermal ageing will cause decline in Vickers hardness 
values of the material.  This however was not the case, analysis of variance has shown 
that there was no statistically significant difference between the mean Vickers hardness 
values of the as-received and aged groups.  This can be related to the minimum amount 
of monoclinic phase formed after hydrothermal treatment.  Additionally, the part of the 
material was tested is very likely to be at a depth that was beyond LTD penetration.  
The calculated penetration depths of the indenter in both groups were in excess of 
5 µm.  At this level, GIAXRD revealed that the amount of transformation is negligible 
as mentioned in Section 2.6.1.  
The above mentioned findings were in agreement with Swain et al (1985) who 
reported that hydrothermal ageing at 1100 ˚C for 2, 16 and 40 hours had no significant 
effect on Vickers hardness values of MgO-stabilised zirconia.  However, the same 
authors reported significant increase of the diameter of area affected by plastic 
deformation around the imprints as a function of ageing (Swain, 1985).  SEM 
investigation revealed that the area of plastic deformation could be significantly larger 
in the polished-aged samples in comparison to polished counterparts.  The notable 
change in the material’s contrast under SEM imaging using the electron backscattered 
detector is a strong indicator that the material with plastic deformation areas sustained 
significant t→m.  Findings of Raman spectroscopy around Vickers indentations made 
on polished-ages samples (Section 2.6.2) also points toward such conclusions..  The 
phase transformation could be attributed to the shear stresses generated at the sides of 
the penetrating indenter..  
Vickers hardness measurements are vulnerable to a multitude of significant 
errors.  Some are related to the optical resolution of the integrated optical microscope 
and ability of the investigator to precisely determine imprint’s diagonal lengths.  The 
use of high loads to create bigger indents is advisable to overcome such problem.  
However, this may further complicate measurement making by causing crack or spall 
formation. Additionally, using higher loads may magnify the error introduced by 
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indentation size effect (ISE).  The latter is one of the most commonly cited problems 
with microindentation testing of ceramic materials.  ISE describes the phenomenon of 
declining hardness values upon using higher loads (Bull et al., 1989, Farges and 
Degout, 1989).  It is attributed to experimental errors and several structural 
characteristics of the material and may be clear upon using loads ranging between 
1-10 Kgf (Gong et al., 1999).  Furthermore, ceramic materials are very likely to 
undergo elastic relaxation during or after unloading.  This process leads to significant 
changes in the dimensions of the indenter’s imprint and thus undermines the validity of 
hardness values (Tarkanian et al., 1973). 
A nanoindentation test was used to assess mechanical properties of different 
layers of the as-received and aged samples as shown in Section 3.2.5.  The use of this 
technique allows overcoming the issue with elastic recovery as it involves measuring 
the hardness values automatically prior to unloading and negates the need for direct 
examination of the indenter’s imprint.  Additionally, it utilises the unloading curve to 
calculate reduced modulus and thereby the Young’s modulus of the material which 
cannot be achieved by the conventional microindentation techniques.  Furthermore, it 
allowed systematic investigation of the mechanical properties of the materials at much 
smaller depths in comparison to Vickers indentation.  Investigating the effect of 
artificial LTD at shallower depths is of major importance in this study.  This is 
indicated by GIAXRD study in Section 2.6.1 that demonstrated a localised t→m that 
was confined to approximately 1 µm.  Vickers microhardness test may be irrelevant in 
this context as the penetration depth of the intender was in excess of 5 µm. 
Analysis of variance revealed a marginally significant decrease in hardness 
values for the aged samples when 40 mN load was used at penetration depth up to 
300 nm in comparison to 200 mN (850 nm).  The decrease in hardness can be ascribed 
to the increased monoclinic phase after hydrothermal ageing. GIAXRD confirmed that 
the maximum amount of monoclinic phase was located within this layer of the material 
(~25%).  Remarkably, the change in hardness values was only marginal despite the 
substantial difference in hardness between tetragonal zirconia (12-16 GPa) and 
monoclinic zirconia (6-7 GPa) phases.  None of the studies investigated the effect of 
ageing on hardness of Y-TZP reported hardness values less than 10 GPa regardless 
ageing time and conditions.  Berkovich indenter’s diameter is approximately 10 times 
smaller than the average diameter of a single crystal.  Thus, there is a high probability 
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that several indentations were made in untransformed tetragonal crystals.  
Alternatively, the crystals in the vicinity of the indent may retain their toughening 
ability via either, t→m or ferroelastic domain switching and resist further brittle 
fracture and plastic deformation.  Furthermore, the localised compressive stresses 
generated by t→m could maintain hardness values comparable to the tetragonal phase. 
Our findings were in agreement with a previously published paper which 
reported approximately 10% reduction of hardness after 10 hours of hydrothermal 
ageing of a HIP, Y-TZP material with an average grain size of 700 nm.  However, 
when using a material with average grain size of 200 nm, the same authors reported a 
steady hardness value upon using loads from 10-400 mN and ageing time up to 60 
hours (Guicciardi et al., 2007). In a different study, Cattani-Lorrente (2011) reported 
approximately 17% decrease in hardness of the superficial 300 nm layer of a Y-TZP 
material after 24 hours of hydrothermal ageing (Cattani-Lorente et al., 2011). 
Beyond the depth of 300 nm, i.e. using loads higher than 40 mN, aged samples 
recovered hardness values similar to the as-received counterparts.  This may suggest 
that the hydrothermal ageing performed on the injection-moulded Y-TZP had an 
isolated effect on the hardness of the transformed layer without any gradient effect. 
In contrast to findings from hardness measurements, hydrothermal ageing caused 
no reduction in Young’s modulus of superficial layers.  These findings were in 
agreement with those reported by Gucciardi et al (2007) who demonstrated minor 
decrease in hardness but not in Young’s modulus for a Y-TZP material with average 
grain size of 700 nm upon hydrothermal ageing for 10 hours (Guicciardi et al., 2007).  
Additionally, in all studies that reported a decline in hardness and Young’s modulus as 
a function of hydrothermal ageing, the decrease in hardness was substantially more 
notable than for Young’s modulus (Catledge et al., 2003, Cattani-Lorente et al., 2011).  
Unlike for hardness, a decline in stiffness or Young’s modulus of Y-TZP is not 
dependent on the presence of monoclinic phase.  This is not surprising in the light of 
comparable Young’s moduli for tetragonal and monoclinic phase of Y-TZP 
(Chan et al., 1991b).  In order to cause significant deterioration of stiffness, the 
hydrothermal ageing should be severe enough not only to induce partial t→m, but also 
to manifest structural changes in the crystalline composition. Gillard et al (2008) 
explained this phenomenon in their FIB-SEM study.  The authors reported that a 
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network of microcracks was noticed exclusively in aged samples under the indentation 
imprint.  Subsequently, they proposed that the presence of microcracks, and thereby 
the deterioration of stiffness of the transformed layer, could be a result of one or 
combination of the following; (1) pre-existing microcracks generated by t→m 
accompanied volumetric expansion during hydrothermal ageing which can be further 
opened as the indentation is performed, (2) deformation by cracking rather than plastic 
deformation due to lacking of stress-induced t→m and switching of the ferroelastic 
domains in the irreversibly transformed layer (Gaillard et al., 2008). 
Hardness and Young’s modulus of different layers within as-received and aged 
groups were compared using post-hoc analysis.  In as-received samples, there were no 
significant differences between all layers except at 600 nm depth (150 mN load) where 
hardness and Young’s modulus were significantly higher. In aged samples, the 
hardness values of at 300 nm depth (40 mN load) were marginally lower than other 
layers.  Similar to as-received samples, at 600 nm depth (150 mN load), hardness and 
Young’s modulus were significantly higher than other layers.  This could possibly be 
related to one or more of the followings; firstly, residual stresses and/or crystalline 
texture as a result of injection moulding process might have formed an energy barrier 
that strengthens the material at this particular depth.  Secondly, this observation may 
be an indication of ISE that starts at 150 mN load.  To verify the latter, a series of 
higher indentation loads should be used and ISE will be confirmed if a progressive 
decrease in hardness values was noticed.  The possibility that this might be caused by 
an experimental/systematic error is remote as measurements using all loads were done 
at the same time.  
Hardness is measured by dividing maximum load by the contact area.  Contact 
area in microindentation testing is defined as the surface area of the tip-faces that are in 
contact with the sample.  In nanoindentation, contact area is the projected area of 
contact between the sample and tip of the indenter.  Berkovich and Vickers indenters 
have the same projected contact area at similar penetration depth and both produce 
approximately 8% strain during indentation (Yovanovich, 2006).  However, the two 
indenters differ in geometry, a Vickers indenter is a 4-sided pyramid while the 
Berkovich indenter is a 3-sided pyramid. Hence, the values for nanohardness can be 
directly converted to equivalent Vickers hardness by multiplying the former with the 
projected to face contact area ratio (0.927) given the use of Berkovich indenter with 
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perfect geometry (Rice and Stoller, 2000).  Upon conversion of results from 
nanoindentation test at all loads, results were comparable to those obtained by Vickers 
microindentation test for both, as-received and aged groups.  The best match however 
was between Vickers data and nanohardness measurements made at loads of 150 mN. 
The average force generated during physiologic chewing cycle in the anterior 
region of subjects with long span bridges supported by periodontally compromised 
teeth was determined to be between 12-17 N (Lundgren and Laurell, 1986).  Other 
studies reported bite forces below 50 N during physiologic chewing cycle 
(De Boever et al., 1978).  Chewing load in the posterior region was estimated to be 
approximately 130 N in dentate subjects (Proffit et al., 1983).  The majority of studies 
that have investigated long-term performance of ceramic restorations and implants in 
the anterior region used an effective load below 100 N (Libman and Nicholls, 1994, 
Kheradmandan et al., 2001, Kohal et al., 2006, Kohal et al., 2008, Kohal et al., 2009a, 
Kohal et al., 2011).  The duration of one chewing cycle under physiologic conditions 
has been estimated to be 0.6-1.1 sec.  The frequency of chewing is thereby can be 
estimated between 0.9-1.7 Hz (Gillings et al., 1973).  DeLong et al. (1983) 
recommended a maximum loading frequency of 3-4 Hz for optimum simulation of 
clinical conditions during in vitro fatigue tests performed using their dynamic fatigue 
device.  Kelly (1997) cited that average number of chewing cycles per day is 
approximately 1400 cycles (Kelly, 1997).  It has been determined that 1.2 million 
loading cycles in vitro are equivalent to 5 years of in vivo function (DeLong and 
Douglas, 1983, Krejci and Lutz, 1989). ISO standards for dynamic fatigue testing of 
dental implants recommends a maximum loading frequency 15 Hz and 2 Hz under dry 
and wet conditions, respectively (ISO 14801, 2007).  Despite detectable water-assisted 
crack growth, likelihood of failure was similar for samples tested in dry and wet 
conditions.  However, it has been found that failures were more likely to occur under 
lower loading frequency (2 Vs. 30 Hz).  The authors attributed this finding to the low 
strain rate sensitivity phenomenon where damage accumulation mechanisms are less 
likely to occur under higher stress rates (Lee et al., 2009a). 
The dynamic fatigue test in Section 3.3.2 was performed using a load range 
(20-200 N) that is significantly higher in comparison to the aforementioned studies.  
This was done in order to examine the performance of the implant design under 
extreme conditions and predict ‘worst case’ application.  Furthermore, the number of 
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cycles used in this test was higher than all other studies that have investigated zirconia 
dental implants.  It was chosen to examine the durability of the implant design for 
10 years which is considered as a reasonable lifetime for a dental implant.  In addition, 
tests were performed in water and under relatively high frequency.  The high stress rate 
used may have affected –to unknown extent- the results as it reduced the time when the 
samples were in contact with water and decreased the likelihood of damage 
accumulation.  Using lower stress rates was not feasible owing to the long time needed 
to test all samples and limited availability of the machine.  
Several studies reported various maximum bite force values for natural and 
prosthetic teeth utilising various methodologies.  It has been concluded that the mean 
maximum bite force between incisor teeth in dentate subjects can vary between 
161-222N.  These measurement were made under various experimental conditions 
utilising a strain gauge device (Hellsing, 1980).  Maximum physiological biting force 
values varies with age and facial morphology and may be as high as 290 N in the 
incisor teeth region (Kiliaridis et al., 1993).  Lyons & Baxendale (1990) determined 
the maximum bite force range of 11-35 Kg in the canine region when studied 
10 dentate subjects using an electromagnetic device.  Half of the subjects exhibited 
signs of advanced tooth wear as a result of bruxism (Lyons and Baxendale, 1990). 
Körber& Ludwig (1983) reviewed several bite force studies and estimated an average 
maximum biting force of approximately 200 N (Körber and Ludwig, 1983).  A reliable 
implant-abutment-crown assembly is expected to retain fracture strength higher than 
the maximum bite force in the anterior region.  Assuming that the average maximum 
bite force in the anterior region is 200 N, Schwickerath (1986) proposed that un-
fatigued reconstructions are expected to exhibit fracture strength of 400 N.  Such 
assemblies should retain greater than 200 N post-fatigue fracture strength assuming 
strength deterioration by 50% as a result of dynamic fatigue process (Schwickerath, 
1986, Schwarz et al., 1988).  
In this study, the dynamic fatigue test was performed to mimic the clinical 
environment as much as possible.  Implant-abutment-crown assemblies were prepared 
exactly as for clinical application.  The used mounting resin has a modulus of elasticity 
of approximately 12 GPa, which approximates that of human bone in order to 
represent clinical conditions in terms of bone remodelling and stress distribution 
(Kohal et al., 2010).  The angle between the vertical upper loading fixture and the long 
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axis of the implant was in accordance of ISO requirements and resembled the 
interincisal angle between natural anterior teeth.  The test was performed in distilled 
water at 37 °C to account for the water-assisted crack growth.  
The survival of all implants (100%) and debonding of 3 abutments (5%) can be 
regarded as an optimum performance given the extreme conditions the test was 
performed in.  The use of ceramic primer (Clearfil
TM
 Ceramic Primer, Kuraray Dental, 
Japan) with the resin cement (Panavia SA, Kuraray Dental, Japan) possibly had 
significant effect on durability of adhesive bond between various components 
(Keul et al., 2013).  These findings confirm the protective role of using a low-strength 
GFC abutment under cyclic loading.  This effect was, to a large extent, maintained 
upon statically loading implants to failure point after fatigue test whenever relatively 
low strength crown restorations were used (IPS e.max Press, IvoclarVivadent, UK). In 
group 1 and 3, only 6 samples sustained implant head fracture (20%).  However, the 
use of high strength crown restorations (Monolithic Lava™Plus System, 3M ESPE, 
UK) negated the protective effect as all samples sustained implant head or body 
fracture when statically loaded to failure.  
The post-fatigue fracture strength values were comparable to those reported for 
titanium implants restored with PFM crown restorations (Kohal et al., 2006).  Failures 
involving implant heads occurred at mean loads exceeding 490 N which is well above 
the most commonly accepted value of maximum bite force in the anterior region.  
Failures that involved fracture through the middle of the crowns with a palatal and 
labial fracture segment (R) in IPS e.max groups occurred at significantly higher loads 
than those reported for samples that sustained a similar failure mode but were tested 
for half of the cycle number and load (Kohal et al., 2006).  The variability of failure 
modes in supposedly identical samples in group 1 and 3 may be attributed to 
differences in the dimensions of the prepared finish line in the implant heads.  Despite 
meticulous care taken to ensure consistency of amount of preparation using silicone 
index and measurements with periodontal probe, it is very likely that preparation was 
heavier in some samples especially in groups 1 & 3.  The discrete implant head 
fractures in these groups are very likely to be as a result of excessive thinning of the 
implant head at the zenith of the tri-petal internal connection.  This theory is further 
consolidated as the fracture origin was always located in this area.  Mechanical 
preparation with diamond burs may have caused a reduction is strength.  However, 
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failures occurred at loads higher than those expected to be in the oral environment.  
These findings were in agreement with previously published data for one- and two-
piece zirconia implant systems (Kohal et al., 2006, Kohal et al., 2011, Kohal et al., 
2012).   
The difference in failure mode and values among group 1 and 3 can be attributed 
to the difference in thickness of crown material in the area of finish line.  Despite 
identical external surface forms, the thickness of the crown at this area is depicted by 
the preparation and thereby may vary accordingly.  Lower failure loads in group 3 are 
unsurprising as the amount of force required to rupture the crown along the sagittal 
plane is higher than chipping a smaller piece of ceramic in the area of maximum 
tension during bending test.  Another explanation could be a difference in the angle 
between the loading upper fixture and the long axis of the implant despite careful 
mounting of the samples. 
A case can be made against this design on the basis that the crown material is the 
sole protector against catastrophic failure involving the implant head rather than the 
engineered weak link introduced in the system.  A counter argument can be made as 
even in the samples restored with high strength crowns (monolithic zirconia), R-curves 
indicated notable plastic deformation in the system before failure.  The R-curve for a 
sample from group 2 was compared to a counterpart obtained from a one-piece 
zirconia implant.  The latter sample demonstrated a rather brittle failure where the load 
spiked and abruptly decreased to zero.  In contrary, implants restored with a GFC 
abutment and monolithic zirconia crown still exhibited a notable plastic deformation 
(along a range of ≈0.5 mm) prior to implant head fracture (Figure 76).  
These findings are of major significance as in the clinical situation, changes in 
the implant supported crown exceeding 0.25 mm can be easily identified by the patient 
and the dentist.  The plastic deformation may cause changes in the patient’s bite and 
thereby, make the patient seek help regarding pain or discomfort as a result of a ‘high 
spot’ for instance.  Additionally, plastic deformation can be expressed in the form of 
an open margin at the implant-crown interface.  A defective margin as small as 0.2 mm 




The effect of hydrothermal ageing on the fracture strength of the implant could 
not be determined in group 1 & 3 as 20% of failures involved the implant head.  In 
group 2 & 4, there was no significant difference between fracture strength and strength 
reliability of the aged and as-received implants.  This could be attributed to (1) the 
limited and surface-confined amount of t→m, (2) the highly dense and packed 
structure and (3) reduced surface flaws as no mechanical grinding was involved with 
the manufacturing process.  The same findings were reported by Sanon et al (2013) 
who performed a longer hydrothermal ageing on one-piece implants and found no 
difference in strength reliability between aged and non-aged groups (Sanon et al., 

















Figure 76. R-curves for zirconia implants restored with GFC abutment (H)and 
Lava crown compared to one-piece zirconia implant (B). 
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 Chapter 4:  
Surface Characterisation and Biological Assessment 
4.1 Introduction 
Natural teeth are comprised of highly differentiated and complex hard and soft 
tissues.  Odontogenesis, tooth formation, occurs in tooth germs in the alveolar bone 
where an intricate cascade of biological events takes place.  Morphogenesis, epithelial 
histogenesis, cell differentiation and matrix mineralisation are among the cornerstone 
processes in odontogenesis that involve highly orchestrated cell-cell and cell-matrix 
interactions.  The process is normally culminated by the formation of immature tooth 
that erupts through mucosal tissues and undergoes post-eruptive maturation (Nanci, 
2008, Lesot and Brook, 2009).   
The roots of natural teeth are covered by an avascular hard tissue called 
cementum and invested with alveolar bone.  Highly ordered periodontal ligament 
(PDL) intervenes and connects the two structures.  PDL is a highly specialised soft 
connective tissue that ranges in width between 0.15-0.38 mm depending on location, 
age and inflammatory status.  As with all connective tissue types, PDL contains cells 
and extracellular compartments of collagenous and non-collagenous fibres. Fibroblasts 
are the most abundant cell type in PDL. Osteoblasts, osteoclasts, cementoblasts, 
epithelial cell rests of Malassez, mesenchymal stem cells and inflammatory cells are 
among the other cell types within PDL.  
Principal PDL fibres are inserted in the alveolar bone and root cementum and 
made of collagen type I, III and XII.  They can be classified, according to their location 
and orientation, to; horizontal, oblique, apical, interradicular, and transseptal fibres.  
The collagenous fibre bundles are embedded in ground substance.  Elastic fibres such 
as oxytalan are also present in PDL and form a mesh-like sheath that extends vertically 
from the cemento-enamel junction to the apical part of the root.  Additionally, PDL has 
four types of nerve endings as well as a blood supply system (Nanci, 2008).  PDL 
performs highly specialised functions such as; (1) provision of viscoelastic support and 
protection by linking teeth to the alveolar bone, (2) provision of sensory input to the 
masticatory system (pressure and proprioception), (3) force distribution and cushioning 
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effect and (4) playing a dynamic role in controlling bone, cementum and PDL fibre 
remodeling (Beertsen et al., 1997, Palmer, 1999, Nanci, 2008) 
In contrast, a dental implant is a metallic or ceramic biocompatible device that is 
placed in a surgically prepared bony site in the jaw bone.  Initial implant stability 
(known as primary stability) is obtained from the mechanical interlocking of implant 
screw threads in the cortical and trabecular bone.  Long-term stability is achieved by 
newly formed bone in the vicinity of the implant surface via the process of 
osseointegration.  Unlike natural teeth, osseointegrated implants lack PDL and are only 
separated from the newly formed bone by a thin, afibrillar interfacial zone.  This zone 
is rich in glycosaminoglycans or noncollagenous proteins such as osteopontin and 
bone sialoprotein as revealed by high resolution SEM and immunohistochemistry 
studies.  Thus, the dental implant can be looked at as an ankylosed tooth that is 
deprived of the above mentioned PDL specialised functions. The lack of viscoelastic 
force dissipation mechanisms may lead to stress concentration around the neck of the 
implant. This in turn, may be responsible for marginal bone loss encountered with 
dental implants. Proprioceptive sensory input may though be functional within 
surrounding bone and oral structures (Palmer, 1999, Puleo and Nanci, 1999). 
4.1.1 Osseointegration 
A series of highly orchestrated cellular and extracellular matrix biodynamic 
processes occur at the level of a surgically instrumented bone and bone-implant 
interface in order to maintain long-term implant stability.  The desired outcome of such 
processes is to lay down the maximum amount of newly formed bone tissue in the 
vicinity of the inserted implant.  This process is referred to as osseointegration and was 
first described by a Swedish scientific group led by the recently deceased orthopaedic 
surgeon, Per-Ingvar Brånemark (Puleo and Nanci, 1999, Mavrogenis et al., 2009).  In 
his earliest publication, Brånemark (1959) defined the process of osseointegration as 
“a direct structural and functional connection between highly differentiated, ordered, 
living bone and the surface of a load-bearing implant” (Brånemark, 1959, Mavrogenis 
et al., 2009).  This concept originated from experimental studies on the microscopic 
circulation of bone marrow in the rabbit fibula in the early fifties.  The research 
originally aimed to study bone healing and bone marrow response following various 
types of bone injuries.  A unique type of injury, implantation of titanium chambers of a 
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screw-shaped design, was further investigated utilising long-term in vivo microscopic 
studies in the early sixties.  It was observed that the implanted titanium chambers were 
inseparably incorporated within the surrounding bone which also infiltrated the thin 
spaces within the surface of the implanted titanium chamber.  These findings were the 
backbone for current anatomical-histological definition and characterisation of the 
osseointegration process.  Further in vivo studies on dogs and then on humans 
confirmed the possibility of attaining stable, load-bearing dental implants that could be 
used to replace missing teeth and other oro-facial structures (Adell et al., 1981, 
Brånemark, 1983, Adell, 1990).  These observations formed the basis of a clinical 
definition of osseointegration, or so called ‘rigid fixation’, which implies an absence of 
observable, progressive movement of the implant upon applying a force ranging from 
1 to 500 g (Adell et al., 1981, Misch, 2008). 
The process of osseointegration involves a highly complex cell-cell 
communication and can be divided into four consecutive phases; haemostasis, 
inflammation, proliferation and remodelling.  Immediately after surgical preparation 
and implantation, the inflicted mechanical and thermal damage results in localised, 
superficial necrosis of bone tissue.  Additionally, adsorption of proteins from blood 
and tissue fluids at the wound site to the surface of the implant occurs immediately 
upon implantation.  Furthermore, hematoma formation at the bone-implant interface is 
a major event that results from severing fine blood capillaries within trabecular bone 
and subsequent blood perfusion of surgical site.  Ions and serum proteins such as 
albumin, fibrinogen and fibronectin adhere to the implant surface.  Haemostasis is then 
achieved by orchestrated changes in platelet morphology, adhesion, spreading and 
aggregation that eventually lead to platelet plug formation.  Platelets also undergo 
intracellular biochemical changes that result in the release of various growth factors 
such as thromboxane which stimulate further platelet aggregation and synthesis of 
platelet derived growth factor (PDGF) that stimulates the cell division of fibroblasts.  
The latter cells produce fibrin monomers that cross-link and promote blood clot 
organisation by formation of fibrin networks that adhere to the implant surface.  The 
fibrin network also form a provisional matrix for subsequent bone healing processes.  
This matrix provides the osteoconductive scaffold where osteogenic cells can migrate 




During the inflammatory phase, necrotic bone, tissue debris and residual bacteria 
are eliminated by immune cells such as polymorphonuclear leukocytes (PMNs).  
PMNs are chemotactically attracted to the wound site following the release of various 
pro-inflammatory interleukins and bradykinin that increase post-capillary venules’ 
permeability and promote PMNs’ attachment to endothelial cells. PMNs combat 
antigenic cells and substances through the release of reactive oxygen species and 
various highly digestive proteases.  At this stage, the wound site is on the verge of 
uneventful healing or accelerated inflammation and eventual implant loss.  The 
efficiency of the immune response, the remaining bacterial count and toxic 
by-products are among the major determinants of the outcome at this 
stage (Mavrogenis et al., 2009, Zhang, 2014).  
Monocytes/macrophages are the next immune cells to arrive at the wound site.  
They are chemotactically attracted by the released monocyte chemotactic protein 
(MCP-1) from PMNs.  Macrophages can further eliminate bacteria and antigenic 
substances by the process of phagocytosis.  More importantly, phagocytes dominate 
during the late inflammatory phase where they synthesise and release tissue inhibitor 
of metalloproteinases (TIMPs).  TIMPs have a major role in preserving growth factors 
embedded in matrix proteins and proteoglycans via inhibition of the proteases released 
from PMNs.  This has a major role in the wound healing process and allows the 
commencement of the proliferative phase. 
Growth factors within the organised blood clot such as PDGF, vascular 
endothelial growth factor (VEGF) and fibroblast growth factor (FGF) further 
stimulate fibroblast proliferation and angiogenesis process within few days post 
implantation.  Fibroblasts synthesise and release extracellular matrix components such 
as collagens, elastins and proteoglycans.  Furthermore, the hypoxic conditions within 
the wound stimulate the expression of hypoxia inducible factor (HIF) from endothelial 
cells and macrophages.  HIF upregulates expression of angiogenic factors such as 
VEGF which promotes angiogenesis.  VEGF mainly targets mesenchymal stem cells 
around the blood vessels, the perivascular cells, and stimulates their migration toward 
low oxygen concentration areas to form new blood vessels (Mavrogenis et al., 2009, 
Zhang, 2014).  
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One week post implantation, a notable decrease in primary stability of the 
implant demarcates the beginning of the osteoclastic function to resorb necrotic and 
micro-fractured bone edges.  This process results in releasing of important bone 
growth factors from the resorbed bone matrix such as bone morphogenetic proteins 
(BMPs), transformation growth factor beta (TGF-ß) and PDGF.  Under the influence 
of these factors, especially BMPs, perivascular mesenchymal stem cells migrate 
toward existing bone trabeculae and differentiate to osteoblasts.  The attachment of 
osteoblasts is mediated by adsorbing proteins such as fibronectin. Osteoblasts secrete 
organic bone matrix from the repaired bone toward implant surface.  Matrix is 
subsequently mineralised to woven bone utilising calcium phosphate molecules.  
Surprisingly, osteoblasts and mesenchymal stem cells seem to migrate and attach to 
the implant surface as early as 24 hours post implantation. Attachment is thought to be 
mediated by the early adsorbed non-collagenous proteins.  Osteoblasts start depositing 
afibrillar layer/matrix on the implant surface and poorly mineralised osteoid, which 
collectively form a 0.5 mm thick, continuous, layer that is rich in calcium, phosphorus, 
osteopontin and bone sialoprotein.  The early formed matrix promotes further cell 
attachment, mineralisation and contact osteogenesis.  The latter refers to the process of 
bone formation by osteoblasts on the surface of the implant toward the healing bone 
(Puleo and Nanci, 1999, Mavrogenis et al., 2009, Zhang, 2014). 
Woven bone grows parallel to implant surface through the intramembranous 
pathway.  The newly grown bone in the irregularities at the surface of the implant is a 
key factor in the long-term, secondary stability of the implant or the so called, 
biological fixation.  However, it is not effectively designed to adapt under cyclic 
loading transmitted through the implant.  Regulated by osteocytes, osteoclast-
osteoblast mediated bone remodelling commences weeks after implantation.  
Osteoclasts resorb the formed woven bone and osteoblasts lay down a new highly 
mineralised lamellar bone that is structured perpendicular to the implant surface 
(Mavrogenis et al., 2009, Zhang, 2014).  Lamellar bone in contact with the implant 
surface undergoes morphological remodelling as adaptation to mechanical loading of 
the implant.  The remodelled bone can extend up to 1 mm from the implant surface 




4.1.1.1 Factors determine the success of osseointegration 
During the early nineteen eighties, Brånemark’s research group proposed six 
interrelated factors that directly influenced the success of osseointegration.  According 
to their 15 years of experience and growing number of laboratory and clinical research 
reports, they stated that the success of osseointegration is heavily dependent on 
implant related parameters including; implant material, implant design and surface 
topography. Bone/host related factors as well as surgical placement technique and 
loading were also considered among the important osseointegration success 
determinants (Albrektsson et al., 1981). In this section, only implant related factors 
will be reviewed as the others are beyond the scope of this work.  
The process of osseointegration denotes the situation where a non-vital, non-
biological device is successfully anchored within living bone without progressive 
movement under cyclic loading.  It however, cannot be considered as a biological 
property of an implant design or material.  In other words, bone integration noticed 
under the microscope can be attributed to the lack of a local or systemic immune 
response to the implant.  Thus, osseointegration can be seen as a consequence of 
lacking a rejection reaction mediated by the recipient tissue rather than a positive 
biological tissue reaction or implant material property (Linder et al., 1983, Stanford 
and Keller, 1991, Mavrogenis et al., 2009). 
4.1.1.1.1 Biocompatibility of the implant material 
cpTi and titanium alloys are among the most widely used implant materials 
owing to their high biocompatibility, corrosion resistance and adequate mechanical and 
physical properties (Albrektsson et al., 1981).  Implant material should be bio-inert 
and biocompatible in order to minimise or eliminate any adverse immune response that 
may lead to fibrous encapsulation and eventual loss of the implant.  Furthermore, 
implants may undergo significant changes upon exposure to a physiological 
environment.  It has been cited that the titanium oxide layer has triple the initial 
thickness upon removal which is a strong indication of significant electrochemical, 
corrosive oxidation stress (Sundgren et al., 1986, Lausmaa et al., 1988, Puleo and 
Nanci, 1999).  
Corrosion by-products are highly relevant as they can cause a significant, local 
immune response and/or induce systemic toxicity.  Evard et al. (2010) concluded that 
 
166 
there was an increase in the prevalence of oral allergies to metals, including 
supposedly inert materials like gold and titanium especially in patients with history of 
allergy to other metals.  They also maintained that titanium oral implants can induce 
type I or IV allergic reactions which can be responsible for unexplained failure cases 
of dental implants in some patients  (Pigatto et al., 2009, Evrard et al., 2010).  A 
histological study on retrieved titanium hip implants showed a strong inflammatory 
response to these implants and was regarded as a contributing factor for failure (Lalor, 
1991).  In addition, Sicilia et al. (2008) reported a 0.6% prevalence of allergy to 
titanium in patients who received dental implants and recommended allergy tests in 
some cases (Sicilia et al., 2008). 
High concentrations of titanium ions were detected locally, i.e. in bone in the 
vicinity of implants (Jorgenson et al., 1997).  Significant concerns about titanium ion 
release due to corrosion and wear and subsequent systemic toxicity have been raised 
recently (Andreiotelli et al., 2009, Koutayas et al., 2009, Evrard et al., 2010).  
Corrosion by-products have been detected in regional lymph nodes, internal organs, 
serum and urine (Black et al., 1990, Kazuhisa and Iizuka, 1993, Onodera et al., 1993, 
Jacobs et al., 1998).  Beside other factors mentioned in Section 1.1, concerns regarding 
titanium toxicity have led to the emergence of some ceramic implant materials as 
alternative to titanium 
Zirconia ceramics were among the most widely studied and used ceramic implant 
material owing to their high biocompatibility, optimum mechanical and optical 
properties (Andreiotelli et al., 2009, Hisbergues et al., 2009, Koutayas et al., 2009, 
Vagkopoulou et al, 2009).  Zirconia showed a high level of biocompatibility and safety 
which allowed its’ use as biomedical implant which can be traced back to late nineteen 
sixties (Helmer and Driskell, 1969).  The use of zirconia heads in total hip arthroplasty 
was reported in the late nineteen eighties (Christel et al., 1988).  Before then, zirconia 
was used to coat base metal alloy implants in an attempt to enhance stability of dental 
implants in dogs (Cranin et al., 1975).  
Zirconia dental implants are placed in contact with bone and oral mucosal 
tissues.  Several studies investigated toxic effects of the material in the most abundant 
cells within these tissues.  Raffaelli and co-workers demonstrated low cytotoxicity, 
strong adhesion capacity and increased cellular growth rate of fibroblasts upon 
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exposure to zirconia ceramics (Raffaelli et al., 2008).  The effect of zirconia on 
osteoblasts was among the most attractive topics for researchers as was the case with 
titanium.  The most fundamental and widely cited work in this field was performed by 
Josset et al. (2010) who found that zirconia did not induce cellular or deoxyribonucleic 
acid (DNA) toxicity and can favourably interact with osteoblasts in vitro. In addition, 
the same group reported that zirconia did not hinder or interfere with physiological 
mechanisms of protein and extracellular matrix production (Josset et al., 1999).  
Furthermore, Sterner et al. (2004) found that alumina and titanium induced reactivity 
of human monocytes to a greater extent when compared with zirconia (Sterner et al., 
2004).  Other in vitro studies showed no difference between the effect of zirconia, 
alumina and/or titanium on macrophages and lymphocytes (Piantelli et al., 1992, 
Catelas et al., 1999). 
Analogous to corrosion in titanium implant materials, zirconia may suffer 
structural deterioration as a result of t→m process.  The monoclinic phase resulting 
from such a process is more prone for pull-out and thereby, zirconia particle release 
may be an issue with this material.  However, this phenomenon was only reported with 
polyethylene cup-zirconia head, hip implants where both materials sustained a high 
rate of contact wear (Chevalier et al., 1997, Chevalier et al., 2007b, Chevalier et al., 
2009).  Zirconia dental implants are however used in a different arrangement.  It is the 
restoration supported by the implant that is subjected to cyclic loading rather than the 
implant itself making the problem of contact wear of a less concern.  Yet, spontaneous 
t→m as a result of LTD process may be an issue.  To the knowledge of the author of 
this thesis, there are no research studies on local or systemic particle release from 
zirconia dental implants. 
4.1.1.1.2 Implant design 
‘Implant design’ has been presented as a comprehensive term to describe the 3D 
structure, configuration, external outline, form, shape, surface macrostructure and 
macro-irregularities of a particular implant.  Configuration and location of prosthetic 
interface, presence of threads or other special features such as grooves, vents, flutes or 
porosity are all important implant characteristics that can be underpinned under the 
term ‘implant design’ (Sykaras et al., 1999, Steigenga et al., 2003).  A plethora of 
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implant designs have been introduced throughout the evolution of dental implant 
practice.   
Generally, implants can be categorised according to the following important 
features; threaded and non-threaded, cylindrical and tapered, one- and two-piece, 
internal or external connections and soft tissue or bone level.  The earliest, probably 
most fundamental, long-term research work published in the area of clinical dental 
implantology was in 1981 (Adell et al., 1981, Albrektsson et al., 1981).  The authors 
reported their 15 years follow-up data on thousands of cylindrical, threaded, two-piece, 
soft-tissue level cpTi dental implants placed in several hundreds of patients.  Both 
groups had very high success rate, implant and prosthesis stability, over the whole 
follow-up period and concluded that such design is highly recommended for clinical 
use.  The use of such a design enhanced long-term osseointegration owing to the 
following reasons: 
(1) Threads maximise primary stability via actively engaging bone and thereby 
reducing mobility which is detrimental to osseointegration (Frandsen et al., 1984, 
Sennerby et al., 1991, Ivanoff et al., 1997).  In addition, incorporation of threads 
increases the surface area available for new bone formation and stimulates bone 
deposition by adequate stress distribution (Albrektsson et al., 1981, Carlsson et al., 
1986, Siegele and Soltesz, 1988).   
(2) Cylindrical design ensures intimate contact between implant surface along the 
whole osteotomy length and reduces the bone-implant gap (Carlsson et al., 1988, 
Sykaras et al., 1999).   
(3) The use of a soft tissue level implant confines the microgap and 
micromovement between the prosthetic part and implant well above the bone level. 
This in turn, reduces the possibility of marginal bone loss and enhances long-term 
success of osseointegration (Hermann et al., 2001b). 
The above mentioned findings on the effect of implant design on the success of 
osseointegration were derived from studies exclusively performed on cpTi or titanium 
alloys.  The amount of published data on various zirconia implant designs is 
significantly lower and for shorter follow-up periods.  In a radically different approach, 
the use of a truly anatomical one-piece zirconia implant was recently reported.  The 
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implant can be custom made for each extraction socket via laser scanning of the 
extracted roots. An anatomic, root-analogue zirconia implant is then milled using 
CAM technology to replace extracted teeth with high adaptation to the bony walls.  
The authors claimed good performance of these implants after 30 months (Pirker and 
Kocher, 2008, Pirker et al., 2011). 
The one-piece zirconia implant design is the most widely available for clinical 
use.  In titanium implants, such a design has superior osseointegration potential owing 
to the absence of a microgap and micromovement (Hermann et al., 2001b).  However, 
one-piece zirconia dental implants exhibited a fairly high early failure rate (during 
healing phase) which ranged between 2-26% after follow-up periods up to 2 years 
(Mellinghoff, 2006, Oliva et al., 2007, Lambrich and Iglhaut, 2008, Depprich et al., 
2012).   
Payer et al. (2012) published their results after two years follow-up of 19 
immediately loaded zirconia implants.  They reported 95% two-year survival 
according to the clinical and radiographic parameters they examined (Payer et al., 
2012).   In contrary, Kohal et al. (2012) found that immediately restored one-piece 
zirconia implants had one–year cumulative survival rate comparable to titanium 
counterparts.  However, they remarked that the incidence of bone loss was 
considerably higher than that for titanium implants.  Thus, the studied implants could 
not  be recommended for clinical use (Kohal et al., 2012).  These finding were in line 
with those reported by Cannizarro et al (2010) who demonstrated high failure rate due 
to significant bone resorption in the healing phase around one-piece zirconia implants 
especially when placed in fresh extraction sockets and immediately provisionalised 
(Cannizzaro et al., 2010). 
The number of two-piece zirconia implant designs is very scarce.  One clinical 
study reported the outcome of a single centre, two-year longitudinal case series.  
Forty nine implants were placed in the posterior region of the jaw in 32 patients.  
Zirconia abutments were bonded to implants with adhesive resin cement.  Five 
implants were lost due to aseptic loosening during the healing phase.  The authors 
concluded that the one-year cumulative survival rate after loading was 87% 




4.1.1.1.3 Surface topography 
Implant surface topography is among the most widely studied areas in dental 
implantology.  Surface topography depicts the orientation and roughness of the surface 
which is highly dependent on manufacturing processes and further surface 
modification if present.  Manufacturing implants by milling or turning yields an 
anisotropic surface i.e., surface with distinct surface orientation.  Original Brånemark 
implants are an example of anisotropic, machined implants produced by turning 
process (Wennerberg and Albrektsson, 2009). 
Osseoinduction and osseoconduction processes are largely dependent on the free 
surface energy, hydrophilicity and wettability of the implant surface.  Various surface 
treatments were used in order to improve such parameters and thereby, increase the 
osseoconductivity of the implants (Kieswetter et al., 1996, Yahyapour et al., 2004, 
Rupp et al., 2006).  Surface roughening is one of the most commonly used surface 
treatments.  It increases the area available for new bone formation, improves the 
attachment of cells and proteins involved in the process of osseointegration and 
modifies surface composition, free energy, wettability and hydrophilicity.  It can be 
performed by subtractive techniques (sandblasting and/or acid etching) or additive 
methods (plasma, hydroxyapatite or flouroapatite coating) (Rupp et al., 2006, 
Wennerberg and Albrektsson, 2009).  
Several in vitro studies on osteoblasts or osteoblast-like cells demonstrated that 
microstructured, roughened titanium surfaces exhibited enhanced cellular attachment, 
adsorption of major proteins required for bone formation (fibronectin), expression of 
genes encoding for proteins essential for osteoblast function, cellular proliferation and 
differentiation in comparison to machined and smooth surfaces (Martin et al., 1995, 
Degasne et al., 1999, Mustafa et al., 2001).  Furthermore, large numbers of in vivo 
animal studies reported a stronger biofunctional bone response to roughened titanium 
implants when compared to machined counterparts. This was indicated by higher 
bone-to-implant contact (BIC), histomorphometric analysis, push-out/pull-out 
strength, bone-to-implant retention tensile strength and removal torque (Buser et al., 
1991, Suzuki et al., 1997, Rønold and Ellingsen, 2002, Shalabi et al., 2006, 
Wennerberg and Albrektsson, 2009). 
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Various surface treatments, especially those of a mechanical nature, may increase 
the susceptibility of zirconia to LTD.  Thus, surface modification of zirconia is more 
challenging in comparison to titanium.  Sintering powders to the dental implant 
surface, nano-structuring using nanotechnologies, microstructuring using sandblasting 
and/or acid-etching, laser, plasma and UV light treatment have all been used to 
produce a roughened zirconia surface (Kohal et al., 2013). 
A limited amount of data is currently available regarding the effect of surface 
topography of zirconia implant materials on the in vitro behaviour of osteoblast and 
osteoblast-like cells. Osteoblast-like cells had a significantly higher early proliferation 
rate when cultured on sandblasted and acid-etched Y-TZP discs in comparison to 
turned Y-TZP controls (Bächle et al., 2007).  Additionally, acid-etched Y-TZP material 
had higher early osteoblast proliferation rate in comparison to acid-etched titanium 
(Depprich et al., 2008). Micro- and nano-structured Y-TZP (sandblasted and etched) 
demonstrated higher wettability, enhanced proliferation, greater alkaline phosphatase 
activity and higher expression of osteogenic markers when compared to polished or 
micro-structured (sandblasted) Y-TZP materials (Ito et al., 2013).  
Several in vivo animal studies demonstrated superior osseointegration with 
roughened Y-TZP material when compared to control, smooth Y-TZP implant 
materials (Sennerby et al., 2005, Gahlert et al., 2007).  Powder injection moulded 
Y-TZP implants manufactured using a roughened mould exhibited significantly higher 
BIC and removal torque values than the turned titanium implants and zirconia implants 
manufactured using a smooth mould (Park et al., 2012).  Furthermore, Y-TZP implants 
roughened using selective infiltration-etching technique demonstrated significantly 
higher BIC in rabbit femur heads in comparison to as sintered Y-TZP and turned 
titanium implants (Aboushelib et al., 2013b). 
A multitude of clinical studies reported higher success rates, more stable crestal 
bone levels and higher implant retention rates when comparing roughened to turned 
(smooth) dental implants (Fröberg et al., 2006, Albrektsson et al., 2012).  A recent 
Cochrane systematic review with meta-analysis on seven clinical trials revealed 
significantly higher early failure with turned implants when compared to roughened 
counterparts (Esposito et al., 2014).  With regard to clinical studies investigated the 
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effect of surface roughness on zirconia implant survival, one study reported higher 
success rate of acid-etched one-piece Y-TZP implants in comparison to coated or 
turned Y-TZP implants (Oliva et al., 2010). 
4.1.2 Soft tissue integration (Periointegration) 
The oral masticatory mucosa, is composed of keratinised epithelium that is 
tightly bound to underlying bone via a dense fibrous connective tissue (lamina 
propria).  Teeth have an exclusive anatomic feature as they are the only structure that 
perforates through mucosal tissues during tooth eruption process.  Oral mucosa 
surrounding erupting/erupted teeth is called gingiva.  Gingivae can be classified into, 
marginal, attached and interdental.  The attached gingiva is separated from lining 
mucosa by the mucogingival line.  It is firmly bound to the underlying cementum and 
bone.  Marginal gingiva surrounds teeth and creates a scalloped collar.  It is separated 
from tooth structure by the so called, gingival sulcus which is lined with non-
keratinised sulcular epithelium.  Interdental gingiva has similar histological features to 
marginal gingiva, but has a different outline (Nanci, 2008). 
The region where the gingiva meets tooth surface is called the dentogingival 
complex.  It is a unique arrangement as it is the only possible ingress portal for bacteria 
and toxins from oral environment to the underlying tissues. The floor of the gingival 
sulcus is lined by stratified squamous non-keratinised epithelium cells and is known as 
the junctional epithelium (JE).  It is created by the fusion of reduced enamel 
epithelium and oral mucosa during the process of tooth eruption.  JE is attached to 
tooth enamel or cementum by the internal basal lamina (IBL), the constituents of 
which are laminin-5 and amelotin.  Such proteins leave the IBL with a high attachment 
capacity to mineralised tissues.  IBL is attached to JE by means of hemidesmosomes.  
JE is attached to the supporting connective tissue via external basal lamina (EBL) 
(Nanci, 2008).  
JE is supported by structurally and functionally different lamina propria of other 
oral mucosal tissues.  The lamina propria contains low grade inflammation even in 
clinically healthy gingiva.  Inflammatory cells migrate through the permeable JE and 
eventually appear in the gingival crevicular fluid.  Lamina propria supporting JE 
provides ‘permissive’ growth, i.e. the proliferation of immature, undifferentiated 
epithelium cells.  This is believed to have crucial role in healing and regeneration of 
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the dentogingival complex after periodontal disease or surgery.  In contrast, lamina 
propria supporting sulcular and oral epithelium has instructive growth role and induces 
the proliferation of highly differentiated and matured epithelium (Nanci, 2008). 
Gingiva is attached to tooth surfaces by a group of highly organised collagenous 
fibre bundles.  Such fibres are inserted in root cementum and alveolar bone and/or 
lamina propria.  Depending on their orientation and insertion, they can be classified to; 
dentogingival, alveologingival, circular, dentoperiosteal and transseptal fibre groups 
(Nanci, 2008).  In natural teeth, JE has a fundamental function to maintain the 
integrity of periodontal ligament and underlying bone.  The dynamic, unique 
architectural integrity coupled with high turnover rate of JE play a crucial role in the 
immune response to pathologic chemical and bacterial substances.  JE cells; (1) 
secrete antimicrobial substances, (2) are able to express proinflammatory cytokines 
that can elicit a specialised immune defence mechanism and (3) allow permeation of 
inflammatory cells from the underlying connective tissue (Ji et al., 2007). 
The JE and connective tissue attachment are lost during tooth extraction.  In the 
case of dental implants, the re-establishment of soft tissue attachment around the 
inserted implant at early stages of wound healing is a major determinant in implant 
success.  The formation of a long-lasting, effective barrier, also known as the biologic 
width, shortly after implant insertion, protects supporting bone against bacterial 
penetration which could eventually lead to the loss of the implant (Donley and Gillette, 
1991, Rompen et al., 2006).  
The newly formed soft tissue barrier or interface is composed of epithelial and 
connective tissue layers.  Both layers are interfaced with a non-living implant material 
rather than biological tissues as in the case of natural teeth.  The histogenesis, 
morphogenesis, macroscopic and microscopic features of such interface have been 
widely studied in the literature.   
The formation of JE at the surface of the transmucosal component of the implant 
commences shortly after implantation when epithelium at the borders of traumatised 
soft tissues migrate across the formed blood clot and granulation tissue.  Once reaching 
the surface, a series of interactions between oral epithelium and the implanted surface 
takes place.  They result in apical proliferation with morphological and functional 
alterations of the oral epithelium in contact with the implant (component).  Eventually, 
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a peri-implant sulcus lined with sulcular epithelium, two mm long JE will form around 
the implant (component) in a very close analogy to natural teeth (Donley and Gillette, 
1991, Buser et al., 1992, Abrahamsson et al., 1997, Cochran et al., 1997, 
Rompen et al., 2006).  
Despite the differences in their origin, it has been substantially concluded that 
anatomical features and histochemical characteristics of the implant-soft tissue 
interface are very similar to dentogingival complex in natural teeth.  Additionally, 
many structural and ultrastructural features, patterns of differentiation and function 
were very similar in peri-implant soft tissues and gingivae.  Additionally, the 
attachment mechanism of JE to titanium surfaces was consistently reported to be 
similar to natural teeth.  Basal lamina and hemidesmosomes formation was detected as 
early as three days postoperative and considered as the major attachment mechanism 
between epithelial cells and implanted titanium by several animal and human studies 
(Donley and Gillette, 1991, Mackenzie and Tonetti, 1995, Listgarten, 1996, Lindhe 
and Berglundh, 1998, Rompen et al., 2006). 
Despite the high migration and proliferation capacity of oral epithelium, apical 
migration at the implant (component) surface is a limited and confined to a certain 
dimension.  Three interplaying factors have demonstrated a significant role in 
controlling the down growth process of oral epithelium including; the presence, quality 
and stability of fibrin clot/granulation tissue in contact with the implanted surface, 
interactions with the titanium oxide layer and the signalling mechanism from the 
underlying connective tissue (Berglundh et al., 1991, Chehroudi et al., 1992, 
Listgarten, 1996, Rompen et al., 2006). 
The healing of the connective tissue underlying oral epithelium (lamina propria) 
after the surgical placement of an implant (component) is a key factor in the formation 
of the biologic width and soft tissue integration around the dental implant.  Connective 
tissue wound healing commences with fibrin clot formation and adhesion at the 
incision/extraction site followed by adsorption of extracellular matrix proteins.  The 
organisation of the clot into granulation tissue and further transformation of the latter 
to mature connective tissue demarcates a successful connective tissue wound healing 
process (Rompen et al., 2006). 
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Mature connective tissue within peri-implant soft tissues is located between the 
marginal bone and JE.  It has two distinct zones; the inner, fibre-rich, fibroblast-poor, 
zone which is located in the vicinity of the implant surface.  This part of connective 
tissue resembles scar tissue and it is separated from the implant surface by a thin layer 
of proteoglycans.  The outer zone however, is a highly vascularised and cellular with 
fibroblast as the most dominant cell type (Hansson et al., 1983, Buser et al., 1992, 
Abrahamsson et al., 1997, Cochran et al., 1997, Rompen et al., 2006).  
The inner zone of connective attachment plays a significant role in the long-term 
success of dental implants.  It forms an important part of the biological barrier that 
protects the underlying bone against chemical and bacterial toxins.  It is however 
different from natural teeth in two aspects; the fibres are not inserted in the implant 
material and run mostly parallel to the implant surface.  Effectively, these fibres form a 
cuff around the implant but lack the physical interdigitation that is seen between fibres, 
cementum and alveolar bone in the dentogingival complex.  For these reasons, 
connective tissue-implant interface can hardly be qualified as attachment and may 
exhibit inferior mechanical resistance as compared to that of natural teeth (Buser et al., 
1992, Listgarten, 1996, Hermann et al., 2001a, Rompen et al., 2006). 
4.1.2.1 Factors determine the success of periointegration 
The most fundamental function of the soft tissue, biologic width around implants 
is to maintain effective and stable barrier against bacterial invasion through the peri-
implant sulcus.  Additionally, stable soft tissue levels are essential from an aesthetic 
point of view especially in the areas of high aesthetic demands such as anterior 
maxilla.  Several factors may affect the outcome of the periointegration process.  These 
factors can be categorised in three groups; host, surgical technique and material related 
factors.  The latter are of a significant importance and underpin material 
characteristics, surface topography and configuration of the prosthetic platform.  These 
factors may individually or collectively affect the behaviour of cells and components 
within epithelium and connective tissue and eventually determine the nature and 
quality of the biologic width (Donley and Gillette, 1991, Rompen et al., 2006). 
4.1.2.1.1 Biocompatibility of the transmucosal material 
The use of a biocompatible substrate in the transmucosal component of the 
implant system is of great importance in order to maintain cell viability, eliminate 
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host-rejection reactions and promote biological functions. Several studies reported the 
superiority of titanium and zirconia ceramics as transmucosal components owing to the 
high biocompatibility toward most dominant cell types in biologic width components 
namely, oral epithelium and connective tissue. 
In an in vitro investigation, it has been demonstrated that human oral 
keratinocytes had similar viability and initial attachment when cultured on mirror-
polished cpTi and Y-TZP surfaces for 48 hours (Kimura et al., 2012).  Additionally, 
gingival epithelial cells exhibited comparable viability and morphology when seeded 
on both cpTi and Y-TZP surfaces with similar surface roughness for 1 and 24 hours 
(Rigolin, 2014).  Titanium and zirconia surfaces also exerted low cytotoxicity, strongly 
induced adhesion capacity, increased cellular growth rate and greater viability of 
fibroblasts (Raffaelli et al., 2008, Pae et al., 2009).   
Whether zirconia surfaces have a superior effect on the proliferation, attachment 
and differentiation potential of cell types within soft tissues in comparison to titanium 
is controversial and difficult to extrapolate.  This is attributed to the heterogeneity of 
the studied cells and different surface characteristics of the studied materials.  
Größnner-Schreiber et al (2006) found significant improvement in human fibroblast 
adhesion to titanium discs when coated with zirconium nitride in comparison to control 
(Größner-Schreiber et al., 2006).  This study however utilised a zirconium compound 
that is different from those used in implant systems and thereby, undermines the 
validity of the comparison. 
Several in vivo studies investigated the anatomical and histological features as 
well as predictability of peri-implant soft tissue integration with transmucosal 
implants/components.  Animal studies indicated that the use of zirconia and titanium 
resulted in comparable dimensions (JE and connective tissue), quality and stability of 
biologic width (Kohal et al., 2004, Welander et al., 2008, Stadlinger et al., 2010, 
Piattelli et al., 2011).  Long-term clinical studies revealed that the response of peri-
implant soft tissues and health were optimum around zirconia transmucosal abutments 
(Brodbeck, 2003, Zembic et al., 2014, Ferrari et al., 2015).  Moreover, zirconia and 
titanium transmucosal abutments have been clinically compared and found to produce 
statistically comparable survival rates, biological and technical complications (Van 
Brakel et al., 2011, Zembic et al., 2013).  However, zirconia abutments were 
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associated with shallower sulcus depths after three months in this study (Van Brakel et 
al., 2011).  In the clinical trial by Bianchi et al. (2004), it was found that the hybrid 
implant system (titanium endosseous part and Y-TZP soft tissue collar) performed 
better than titanium controls in terms of probing depth, bleeding on probing and plaque 
index.  Also, rapid stabilisation of peri-implant tissues was documented in the first 
year and survival rate after two years found to be 100% (Bianchi et al., 2004).  
However, this clinical trial seemed to be at a high risk of bias as there was not enough 
information about randomisation and allocation concealment, a small sample size and 
no information about assessors’ blinding. 
4.1.2.1.2 Inflammatory status within biologic width 
The second important pillar of periointegration is an inflammation-free 
environment as the inflammatory process may collaterally damage soft tissue 
attachment to dental implants by releasing various proteases in an attempt to combat 
bacterial infections.  Angiogenesis (new blood vessel formation) is believed to be a 
strong indicator of the inflammatory status in soft tissues.  Presence of angiogenic 
factors and the enzymes they express such as VEGF and Nitric Oxide Synthases I & II 
are indicative of inflammatory processes as they are released by neutrophils in 
response to bacterial infection (Hisbergues et al., 2009).   
In their split mouth clinical trial, Degidi et al (2006) demonstrated significantly 
higher inflammatory infiltrate with connective tissue surrounding titanium healing 
caps when compared to zirconia counterparts.  Additionally, the authors confirmed the 
lower inflammatory status around zirconia by studying various aniogenic markers in 
biopsies from peri-implant soft tissues surrounding the two materials in human 
subjects (Degidi et al., 2006).  
4.1.2.1.3 Surface topography of the transmucosal component 
Surface topography has an essential impact on the formation of the implant-soft 
tissue interface.  Early research concluded that “alteration of the titanium surface 
morphology may selectively enhance the attachment of either epithelial cells or 
fibroblasts, theoretically enhancing the formation of a biologic seal between the 
implanted titanium surface and its adjacent tissue” (Donley and Gillette, 1991).  This 
conclusion was made on the basis of research studies investigated connective tissue 
and epithelial attachment on porous surfaces.  Despite sounding reasonable, especially 
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in the light of substantial evidence supporting such a statement in the case of 
osseointegration,  current evidence is not fully compatible with such effect. 
In vitro research findings suggested that the effect of surface roughness on the 
attachment and proliferation of epithelial cells may be variable (Piattelli et al., 2011).  
A comparative study investigated the effect of surface topography on the attachment 
and proliferation of osteoblasts and gingival keratinocytes cells.  The findings 
indicated a fundamental difference in the response of the two cell types to various 
surface topographies.  It was shown that attachment of epithelial cells was significantly 
better to polished titanium in comparison to a micro-textured counterpart 
(Hormia et al., 1991, Lauer et al., 2001).   
On the other hand, a study by Carmine et al (2003) indicated that roughened 
titanium surfaces (sandblasted) enabled superior epithelial cell adhesion and spreading 
when compared to smoother (turned) surfaces (Carmine et al., 2003).  The authors of 
the latter paper extrapolated their findings on the grounds of filopodia (cytoplasmic 
extensions) exhibited by the epithelial cells.  However, this conclusion may lack 
accuracy as other authors commented that morphological appearance of filopodia does 
not necessarily indicate higher adhesion capacity.  Additionally, upon careful 
inspection of the SEM images presented in the original publication, it appeared that 
epithelial cells are bridging over, rather than adhering to valleys of the roughened 
titanium surface (Rompen et al., 2006).  Additionally, it has been demonstrated that 
roughened titanium surfaces (etched and sandblasted/etched) reduced the growth rate 
and spreading of epithelial cells when compared to polished titanium surfaces in 
cultures up to 28 days (Baharloo et al., 2005). 
Similar findings were reported upon studying fibroblasts behaviour when seeded 
on titanium or zirconia surfaces with different surface characteristics (Hormia and 
Könönen, 1994, Mustafa et al., 1998, Takamori et al., 2008).  An inverse relationship 
has also been cited between surface roughness and the adsorption and production of 
proteins pivotal to soft tissue attachment such as fibronectin and vinculin 
(François et al., 1997, Baharloo et al., 2005). 
Several animal studies compared the effect of surface topography of titanium and 
zirconia transmucosal components on the characteristics of the implant-soft tissue 
interface.  The majority of the studies indicated no significant difference between the 
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features and dimensions of the mucosal barrier around transmucosal components made 
from titanium or zirconia with different surface roughness (Abrahamsson et al., 2002, 
Rompen et al., 2006, Piattelli et al., 2011).  Clinical studies on human subjects 
comparing the effect of surface roughness of zirconia or titanium transmucosal 
components on the mucosal barrier are still lacking. 
4.1.3 Commercially available modified implant surfaces  
Subtractive surface modification techniques are widely used to provide macro- 
and/or micro-structured implant surfaces.  Sandblasting and/or acid etching is one of 
the most researched techniques for this purpose.  SLA
®
 topography (Straumann, 
Switzerland) (SLA stands for sandblasted, large-grit, acid-etched) is one of the most 
well-documented surfaces that has been verified rigorously in the literature (Kim et al., 
2008, Buser et al., 2012).  However, research findings indicated that micro-structured 
titanium surfaces may be rendered hydrophobic as a result of air being entrapped 
within smaller roughness cavities.  This in turn, results in heterogeneous surface with 
low wettability and free surface energy.  Additionally, interaction between CO2 in the 
air and the titanium oxide layer may results in the formation of hydrocarbons and 
carbonated contaminants which further degrade the free surface energy (Rupp et al., 
2006).  
Hydrophilicity and free surface energy are major determinants in the essential 
process of protein adsorption and cell attachment during the early stages of 
osseointegration and periointegration.  Thus, surface roughness may have an overall 
effect of retarding tissue integration processes initially and thereby, elongate the period 
required for healing.  Application of hydrophilic coatings may be not appropriate as 
they may conceal the surface microstructure and negate its positive effect on tissue 
integration processes (Rupp et al., 2006). 
A novel hydrophilisation technique was utilised to ameliorate the aforementioned 
issues with microstructured surfaces.  The original SLA
®
 implant surface was treated 
and processed according to this hydrophilisation method and introduced to the market 
as SLActive
®
 surface.  The technique relies on maintaining surface reactivity of the 
titanium oxide layer by eliminating air contamination as described in Section 4.2.1. 
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An in vitro study demonstrated that using such a processing method, the amount 
of carbon contamination could be reduced in the order of three times.  Additionally, 
the amount of oxygen and titanium can be doubled hence the nomenclature, chemical 
surface modification.  Free surface energy was significantly higher in SLActive
®
 
surfaces when compared to original SLA
®
 counterpart.  These findings may indicate 
improved hydrophilicity and wettability of the surface upon using such processing 
conditions (Rupp et al., 2006). 
Research findings indicated superior performance of SLActive
®
 surface in 
comparison to SLA
®
 predecessor (Wennerberg et al., 2011).  It has been demonstrated 
that SLActive
®
 surface significantly enhanced osteoblast proliferation, attachment and 
osteogenic differentiation when compared to SLA
®
 surface (Masaki et al., 2005, Klein 
et al., 2010, Lai et al., 2010, Mamalis and Silvestros, 2011, DU et al., 2012, Gu et al., 
2013).  Animal studies indicated that SLActive
®
 surface induced superior 
osseointegration and bone regeneration capacity when compared to SLA
®
 surface 
(Buser et al., 2004, Schwarz et al., 2007b, Mardas et al., 2011).  Clinical studies 
demonstrated superior and faster initial healing which allowed safe and predictable use 
of SLActive
®
 implants for immediate and early loading procedures even with poor 
quality bony sites (Ganeles et al., 2008, Zöllner et al., 2008, Chambrone et al., 2014). 
Conventional mechanical or chemical methods may be less effective with 
zirconia owing to the high hardness of the material.  Additionally, roughening zirconia 
surface may be detrimental to the durability of the material beside the possible increase 
in LTD sensitivity (Kohal et al., 2004, Gahlert et al., 2007, Schliephake et al., 2010, 
Aboushelib et al., 2013b).  A non-invasive manufacturing technique to produce a 
de novo rough surface was proposed to ameliorate the issues with subtractive surface 
treatment, i.e. implants were manufactured using CIM process. Here, a roughened 
inner surface of the mould produced a zirconia surface that exhibited higher 
osseointegration capacity when compared to smooth zirconia and machined titanium 




Injection-moulded zirconia implants that are further treated with a novel, 
patented acid etching technique (MDS) have been recently introduced (Maxon Dental 
Surface, Maxon Motors Gmbh, Germany).  Viability of fibroblasts increased by 1.3 
folds with zirconia implants that received MDS treatment when compared to machined 
titanium and zirconia implants (Christiane et al., 2012).  Additionally, an animal study 
revealed a high level of osseointegration and soft tissue integration when compared to 
machined titanium and zirconia implants (Mai et al., 2012, Gredes et al., 2014). 
The present study aims to compare the surface characteristics of a SLActive-like 
titanium and MDS zirconia surfaces as well as the biofunctional response of fibroblasts 
and osteoblasts toward these surfaces. 
4.2 Experimental Procedures and Results  
4.2.1 Sample preparation 
The topography and chemistry of cpTi (grade II) was altered to produce a surface 
comparable to the commercially available SLActive
®
 surface.  An 18 mm diameter 
grade II cpTi rod was supplied from a metal manufacturer (Schröder Plating Service, 
The Netherland).  The rod was milled to a 15.6 mm diameter which is a similar 
diameter to the bottom of a well in a 24-well cell culture plate.  The rod was sliced to 
produce 1.5 mm thick discs using tungsten carbide points (J.S. Precision Engineering 
Ltd, UK).   
Discs were mounted to custom plastic holders using double-sided adhesive tape 
(Struer, UK).  Discs were mirror polished using Tegramin preparation system-20 
(Struer, UK).  The process comprised of 4 stages, plain grinding, fine grinding, 
polishing and oxide polishing.  Various stages and products used are shown in details 
in Table 16.  Optical microscopy at ×1000 magnification using Dark Field and 
Differential Interference Contrast was used to assess levels of remaining deformation 




Table 16..  Polishing stages and sequence used prior mechanical and chemical titanium surface treatment 
 
Stage Cloth Speed Suspension 
Suspension  
pre-dosing 
Suspension dosing Lubricant Force Time 
Plain grinding 
Silicon Carbide  
320 
150 - - - Water 25 Until flat 
Fine grinding 
MD-Largo 150 
DiaPro Allegro/Largo  
9µm 
1 10 - 20 7.5 









1 9 - 15 3 
Oxide polishing MD-OP 150 OP-S 0.04 mm - - 5% H2O2 35 10 
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Mechanical and chemical modification to produce SLActive-like surface was 
done according to the following procedure: 
 Polished discs were thoroughly washed with concentrated acetone and then 
cleaned with distilled water in ultrasonic bath. 
 Discs were then dried and pickled in a solution of 10% HNO3, 2% HF and 
2% NH4F (1:1:1) for 30 sec at 55 ºC. Discs were then washed with distilled 
water and pickled again in a solution of 10% HNO3, 2% HF (1:1) for 30 sec 
at room temperature.  Appearance of representative discs at this stage is 
shown in Figure 78. 
 Discs were sandblasted with grade 60, 250 µm diameter aluminium oxide 
abrasive particles at a 5 cm distance and pressure equal to 2 bar until their 
surfaces appeared consistently grey as shown in Figure 79 (John Winter 
Foundry, UK). 
 Discs were cleaned in concentrated acetone using ultrasonic bath for 30 min. 
 Discs were placed in a Pyrex® beaker and topped with a solution of distilled 
water, fully concentrated HCl and H2SO4 (1:2:1). The beaker was heated to 
100 ºC and the temperature was maintained for 5 min. The whole procedure 
was performed in a fume hood.  
 Discs were retrieved and placed in a CaOH solution and then cleaned 
thoroughly with distilled water in ultrasonic bath for an hour.  Discs were 
placed in fresh ultrapure water and kept in anaerobic cabinet purged with N2 
Figure 77. Mirror polished grade II cpTi discs. 
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gas for 3 hours along with open test tubes containing isotonic NaCl solution 
to extract any remaining oxygen or CO2 in the liquids (Concept 1000, 
Russkin, UK). 
 Discs were then cleaned in the ultrasonic bath using the degassed ultrapure 
water for an hour.  Discs were retrieved and left to dry then placed in test 
tubes containing NaCl. Tubes were sealed using an air-tight screw lid. 
 Samples were sent for an outreach facility to receive gamma radiation 
sterilisation with dose range of 25-40 kGrey for 12 hours (Xiros, UK). 
Injection moulded zirconia samples used in this project had two different surface 
topographies; one was as rough as the inner surface of the mould used for 
manufacturing ‘Zr-M’ and the other was further chemically roughened using a 
patented acid etching technique ‘MDS’.  The samples were supplied by the 
manufacturer in the form of 15.41±0.02 mm diameter and 1.01±0.016 mm thick discs 
Figure 79.  Sandblasted cpTi discs with Alumina abrasive 
particles (250-500µm).  
Figure 78. Grade II cpTi discs after two acid pickling cycles .   
 
185 
(Maxon motor GmbH, Germany).  All discs were ethylene oxide sterilised and stored 
in sealed plastic bags until they were used. 
4.2.2 SEM characterisation 
High performance cold field emission SEM was used to examine surface 
topography of representative samples from Zr-M, MDS and SLActive-like surfaces 
(SU8230, Hitachi, Japan).  Additionally, EDS was used to characterise elemental 
composition of the three surfaces (Aztec Energy, Oxford Instruments, UK).  The 
system is equipped with silicone drift detector (X-Max
®
) and pulse processor 
(X-Stream-2) (Oxford Instruments, UK).  Data was analysed using sophisticated 
elemental analysis software (AztecEnergy, Oxford Instruments, UK). 
EDS analysis of injection moulded zirconia samples (Zr-M) surface revealed 
weight percentage of 73.37%, 23.72%, 1.95%, 0.61% and 0.35% of the following 
atoms; Zr, O, Y, Hf, and Al, respectively (Figure 80).   
SEM analysis revealed that the (Zr-M group) had slightly microstructured 
surface.  Grooves and 10-15 µm diameter micropores could be detected under lower 
magnifications.  At higher magnifications, the material exhibited a homogenous 
appearance with fine crystalline structure with clear crystal boundaries and tightly 
closed inter-crystal spaces (Figure 81).  
Figure 80. EDS spectrum of ZR-M zirconia surface. 
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Figure 81. SEM examination of Zr-M disc surface. 
Low magnification revealed minimally rough surface (A) with limited surface micropores (B).  
Medium magnifications demonstrated 10-15 µm diameter micropores (C).  Higher 
magnification revealed waviness of the Zr-M surface (D, E & F) as well as homogenous and 
highly compacted equiaxial crystals (G&H).  
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Acid etching of the studied zirconia material (MDS group) was very effective in 
altering surface topography of zirconia discs and implants. Microscopically, the size 
and density of micropores grooves.  However, the effect of acid etching was more 
significant at the crystalline level or nano-scale where; (1) significant dislodgment of 
superficial crystals was noticed, (2) loss of the homogenous crystal outline, (3) notable 
decrease in grain size and (4) subsequent and enlargement of the inter-crystal distant in 
comparison to Zr-M group (Figure 82 and 83). 
Surface topography of MDS discs was compared to that for the commercially 
available implants and both specimens had highly similar topographies (Figure 84).  
Acid etching treatment did not induce any noticeable change in the elemental 
composition of the studied sample as indicated by the EDS analysis.  EDS spectrum of 
MDS surface was identical to that for Zr-M presented in Figure 80.  
In SLActive-like surface, EDS elemental analysis revealed weight percentage of 
80.61%, 12.46%, 6.27% and 0.65% for Ti, O, C and Al respectively.  The traces of Al 
were very likely to be sandblasting particles that cleaning in ultrasonic bath failed to 
dissociate from the titanium disc surface.  The detected signal from C atoms indicated 
CO2 adsorption and organic contamination with subsequent formation of various 
carbonate or hydrocarbon compounds as a result of exposure to air while the sample 
was transferred to the microscope (Figure 85). 
The studied SLActive-like surface appeared significantly rougher than Zr-M and 
MDS groups.  Large-grit sandblasting rendered the cpTi surface very irregular.  The 
effect of the sandblasting was noticed as deep, large craters with very sharp and 
elevated boundaries.  Furthermore, warm acid-etching produced smaller micropits 





Figure 82.  SEM examination of MDS disc surface. 
Low magnification revealed highly rough surface (A) with abundant surface micropores (B).  
Medium magnifications demonstrated 20-25 µm diameter, hour-glass like surface 
irregularities (C).  Higher magnification revealed significant peak and valley surface texture 
(D, E & F).  High magnification images revealed significant alteration of crystal outline and 




Figure 83. SEM examination of  Zirconia implant surface. 
Surface of the studied implant exhibited similar topographical features to the MDS discs.  
The difference in the surface appearance under medium magnifications (B, C & D) can be 
attributed to the difference in the orientation of the surface between implant thread and 




Figure 84.  Comparative SEM views for Zr-M and MDS surfaces. 
Single crystal, high magnification SEM image for Zr-M surface (left) and MDS surface (right) 
demonstrating the significant effect of the acid etching treatment on crystal shape and 
outline  
Figure 85. EDS analysis of SLActive-like surface. 
Top, EDS spectrum for SLActive-like surface with strongest titanium peak.  Bottom, 
elemental map of representative area within SLActive-like surface.  The isolated cluster of 
Al2O3 is very likely attributed to alumina sandblasting particle that was not dissociated 




Figure 86. SLActive-like titanium surface topography under SEM 
Highly rough surface under low magnification (A, B & C).  Hierarchically, several level, 
ordered structure where larger concavities created by sandblasting (D) embraced 
smaller round micropits created by the warm acid attack (E-F & G-H). 
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4.2.3 Surface roughness analysis: Confocal laser scanning microscopy 
Confocal laser scanning microscopy (CLSM) has become a widely utilised tool 
for 3D surface topography characterisation and analysis.  The wide application of 
CLSM in this field was parallel with the development of computer-based image 
processing systems.  The basic principle of CLSM can be briefly described as follows; 
a laser beam from a laser source travels through an aperture or illumination pinhole 
and then focused using the microscope objective lens into a diffraction limited laser 
beam on the focal plane (surface) of an opaque sample.  The depth (slice) of sample 
that is in focus produces the maximum reflection of light through the detector pinhole.  
However, the light scattered from defocused depths or areas is suppressed by reducing 
the pinhole size while imaging the defocused slices.  This is in simple terms the basis 
of optical sectioning or the so called, depth-discriminated signal detection. Optical 
sectioning effectively enhances lateral resolution and enables acquisition of high-
resolution optical images along the sample’s z coordinate.  The series of optical images 
are then reconstructed using the appropriate algorithms in order to create a 
topographical image (Jordan et al., 1998). 
In the present study, 3D topographic maps were obtained from five regions of 
interest widely distributed at the surface of each disc from Zr-m, MDS and 
SLActive-like groups (n=10 per group).  Discs were individually placed on glass slides 
and mounted at the stage of a CLSM with the treated surface facing upward (TCS SP 
II, Leica, Germany).  A 100 mW Argon laser source was used in reflection mode to 
acquire x-y scans along z coordinate of the sample (488 nm blue, 568 nm green, 
647 nm red).  The laser beam was focused on the surface of the sample using ×10 
microscope objective and the numerical aperture was set at 0.3 (10/0.3NA).  Scan 
velocity was adjusted to 400 Hz and the window format was set to 512×512 pixels.  
The vertical acquisition was performed at 1 µm step size by moving the stage in the z 
direction between the positions where brightest and darkest images were obtained 
(40-150 µm studied thickness, 40-150 optical sections). 
Topographical image was reconstructed from the obtained optical sections. 
Roughness parameters were measured for 1 mm
2 
region of interest at five different 
positions at the surface of each sample (Leica Confocal Software, Germany). Table 17 
summarises the studied roughness parameters and their respective definitions.  
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Table 17.  Roughness parameters and their definitions (Feng et al., 2002)  




The roughness between two predefined 
reference lines. The upper line exposes 5% of the 




The average roughness or deviation of all points 
from a plane fit to the test part surface. 




The average of the measured height deviations 
taken within the evaluation length or area and 
measured from the mean linear surface. Rq is the 
RMS parameter corresponding to Ra 
Maximum depth of 
valley 
Rv 
The maximum distance between the mean line 
and the lowest point within the sample. It is the 
maximum data point height below the mean line 




The maximum distance between the mean line 
and the highest point within the sample. It is the 
maximum data point height above the mean line 
through the entire data set. 
Fold increase in 
surface area 
Sa/S 
Ratio between profiled surface area and the 




In the present study, the injection moulded (Zr-M) samples resulted in a 
moderately rough surface owing to the micro-textured inner surface of the used mould.  
Acid etching (MDS) unreservedly increased all surface roughness parameters.  
SLActive-like samples demonstrated highly rough and microtextured surfaces. 
Tables 18 summarises the mean values and standard deviations obtained for roughness 
parameters and Sa/S ratio for all experimental groups. 
Table 18.  Mean and standard deviation values of measure roughness parameters (µm) for 
all experimental groups 
Parameter Zr-M MDS SLActive-Like 
Havg 31.71 (4.24) 40.27 (6.51) 37.71 (5.49) 
Ra 1.09 (0.09) 2.19 (0.22) 2.49 (0.34) 
Rq 1.41 (0.11) 2.94 (0.27) 3.27 (.43) 
Rv 4.08 (0.41) 7.15 (0.79) 6.72 (0.78) 
Rp 12.94 (2.16) 24.92 (1.59) 30.71 (9.03) 
Sa/S 1.31 (0.02) 1.56 (0.07) 1.48 (0.18) 
Data from all parameters were assessed for normal distribution using Shapiro-
Wilk normality test. Data points from all studied roughness parameters were normally 
distributed (p>0.05).  However, test for homogeneity of variances (Levene’s test) 
revealed significant difference in the variance of Ra, Rq, Rp and Sa/S (p<0.05). The 
means of these parameters were compared among different groups using non-
parametric independent samples Kruskal-Wallis test.  Post-hoc analysis was performed 
using Games-Howell test. Havg and Rv were normally distributed and had equal 
variances (Shapiro-Wilk and Levene’s tests; p>0.05).  Comparison of means was 
performed using ANOVA and post-hoc Tukey HSD test.  
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Statistical analysis revealed the following findings: 
 There was no significant difference in the Havg, Ra and Rq values between 
MDS and SLActive-like surfaces (p>0.05).  However, these parameters were 
significantly higher in comparison to Zr-M group (p<0.05).  
 SLActive-like surface demonstrated the highest mean maximum peak height 
(Rp) followed by MDS and Zr-M groups.  The difference was statistically 
significant between all groups (p<0.05). 
 MDS group demonstrated the highest mean maximum valley depth (Rv) 
followed by SLActive-like and Zr-M groups.  The difference was statistically 
significant between all groups (p<0.05). 
 MDS and SLActive-like surfaces resulted in significant increase in the Sa/S in 
comparison to Zr-M (p<0.05). 
Representative, reconstructed, 3D images from regions of interest in two 
experimental surfaces are shown in Figure 87.  The reconstructed images showed 
similar findings to those observed using SEM.  Zr-M exhibited moderately rough 
surface with scarce distribution of micropores.  MDS treatment resulted in a 
significantly rougher surface with increased density and diameter of the micropores 
and valleys. The reconstructed images for SLActive-like samples were very dark and 
could not be printed properly and thus, not included in the report.  
  




4.2.4 Water contact angle measurements 
Once the implant is in contact with body fluids and tissues, a series of dynamic 
physico-chemical changes occurs at the implant surface.  The formation or the increase 
of the already existing, oxide layer is the hallmark of chemical changes that take place 
immediately after implantation.  The adsorption of body fluids and proteins to the 
implant surface is a key factor on the biological response around the implant and has a 
major role in the formation of cell–biomaterial interface (Anselme et al., 2000, 
Rupp et al., 2004). 
Surface wettability is a major determinant in protein adsorption, cell attachment 
and migration processes (Rupp et al., 2004).  It describes the ability of a liquid to 
spread on a solid surface.  Wettability is a result of interactions between the cohesive 
forces between the molecules of the liquid in air or liquid-air surface tension (σl), 
critical surface energy at the solid-air interface (σs) and solid/liquid interfacial tension 
(σsl) (Bico et al., 2002, Sobczak et al., 2007, Van Noort, 2014).  Wettability can be 
evaluated by the angle formed between a given surface and liquid drop which is known 
as, the contact angle (θ).  It is given for a flat homogeneous solid by Equation (25), 




     (𝟐𝟓) 
Alteration of surface topography may efficiently reduce the contact angle and 
allow penetration of a liquid front into the micro-textured surface to fill all the 
roughness cavities (Bico et al., 2002). 
In the present study, distilled water contact angles on Zr-M, MDS and dried 
SLActive-like surfaces were measured at room temperature (22 °C).  A CAM200 
goniometer (KSV Instruments, Finland) was used perform equilibrium contact angle 
measurements (±0.1° precision) in a closed glass chamber to reduce evaporation.  
Computer-controlled, motorised syringe was used to dispense 5 μl sessile droplets on 
the surface of the sample.  The needle was removed from the droplet and the 
equilibrium contact angle measurement was performed 2 sec after the release of the 
needle.  The measurement was performed four times on 10 different discs from each 
group.  Images were processed using CAM 200 software (KSV Instruments, Finland).  
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The mean equilibrium contact angle measurements were not obtained for 
SLActive-like surface as the distilled water droplet radially spread over the surface as 
demonstrated in a Video included in the CD.  The equilibrium contact angle was 
assumed to be 0°.  Zr-M exhibited moderately high equilibrium contact angles ranging 
from 76.16-90.99° with a mean value of 83.62±4.53°.  MDS group exhibited 
significantly lower equilibrium contact angle ranging from 32.66-52.81º with mean 
value of 44.43±4.85° (Independent Samples Mann-Whitney test: p<0.05).   
Figure 88 show representative equilibrium contact angle measurements in Zr-M 
and MDS groups.  In both groups, contact angles measurements seemed to be widely 
dispersed as can be seen from the relatively large standard deviation.  This may 
indicate lack of surface homogeneity within each disc and among the discs from the 
same group.  
4.2.5 Cell proliferation and viability studies 
Biocompatibility is a widely used generic term in biomaterials sciences.  The 
success of biomedical implants is extensively dependent on the biocompatibility of 
used materials (Hanker and Giammara, 1988).  The term describes the ability of the 
material to maintain the host response within the tolerance of the biologic tissue 
without possessing toxic or injurious effects upon implantation in biological systems 
(Williams, 1999).  This can be ensured by testing all materials intended for biomedical 
use in vitro and in vivo to demonstrate that they are unable to provoke or initiate 
inflammatory, allergic, immune, toxic or neoplastic processes (Hisbergues et al., 
2009). 
Figure 88.  Contact angle measurements for Zr-M (left) and MDS (right). 
 
198 
The technical or procedural definition of biocompatibility of implant materials 
encompasses the ability of the material to prove biological safety through several 
biological tests (ISO10993-1, 1992).  In vitro cytotoxicity is among the most important 
studies in this field. The integration of an implant with its surrounding tissues is highly 
dependent on the cells in the vicinity of the implant.  Thus, viability and optimum 
biological function of cells in the vicinity of biomedical implants are the most 
fundamental pre-requisites for success of any implantation procedure.  For dental 
implants, fibroblasts, osteoblasts and immune cells within blood are of concern as they 
are the most abundant cell types in peri-implant soft and hard tissues 
(Hisbergues et al., 2009). 
ISO 10993 describes direct and/or indirect cell contact tests for in vitro 
cytotoxicity (ISO 10993, 1992).  Such techniques can provide quantitative and 
qualitative analytical techniques to study the biocompatibility of implant materials.  
Such tests can provide information regarding cell number, proliferation potential, 
migration capacity and cell viability.  These tests are considered as initial screening 
methods and should be followed by more comprehensive and sophisticated in vivo 
animal studies prior proved suitable for clinical application. 
The present study evaluated the proliferation capacity and viability of primary 
human gingival fibroblasts and human osteosarcoma cells upon the direct incubation 
on zirconia, titanium and tissue culture plastic surfaces for various periods of time.  
4.2.5.1 Cell culture procedures 
Human gingival fibroblasts (HGF) were purchased from Biological Products and 
Solutions (Innoport, Spain).  Cells were cryopreserved, harvested from a single donor 
and were delivered at passage 1 (5×10
5
 cells, batch # 5846).  The second cell type used 
in this study was human osteosarcoma cells from G-292 cell line.  Cells at passage 4 
were obtained from the School of Dentistry, University of Leeds cell line reserve.  
Both cell types were amplified, serially passaged up to passage 6 and a sufficient cell 
number was preserved in liquid nitrogen from each passage number for future use.  
Cell culture procedures were performed in a disinfected, class II tissue culture 
cabinet with sterile reagents.  All cell cultures and cells seeded on experimental 
samples were incubated at 37°C, 5% CO2 and at 95% humidity. T175 Corning plastic 
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, The Netherlands).  Cell culture medium, Dulbecco’s 
modified eagle medium (DMEM), was mixed with 10 % fetal bovine serum (FBS) and 
1 % penicillin/streptomycin antibiotics combination (Sigma-Aldrich, Poole, UK).  This 
type of media already contained 2 mM of L-glutamate. 
Cleavage of attached cells from tissue culture plastic or the experimental samples 
was performed using 0.25% trypsin 0.02% ethylene diamine-tetraacetic-acid (trypsin-
EDTA) (Sigma-Aldrich, Poole, UK).  Prior to application of trypsin/EDTA, culture 
medium was aspirated and adherent cells washed twice with 0.1 M phosphate buffer 
solution (PBS) (Lonza, Slough, UK) to eliminate any traces of FBS that might supress 
trypsin/EDTA activity.  
A suitable amount of trypsin/EDTA (5 ml) was applied for 5 min whilst the cells 
were kept in a tissue culture incubator at 37°C, 5% CO2 and at 95% humidity.  
Trypsin/EDTA was inactivated by addition of FBS-containing culture medium; 
mixture was pipetted out to a 20 ml universal tube and then centrifuged at 200 ×g for 
5 min to obtain a cell pellet for splitting (passaging) and freezing. 
1×10
4
 cells were used for subsequent passages in each T175 flask.  The 
remaining cells were frozen by mixing them with 10% Dimethyl sulfoxide (DMSO), 
50% FBS and 40% DMEM (Sigma-Aldrich, Poole, UK).  The cell suspension was 
pipetted out to 1.8 ml tubes that were placed in a sealed box containing isopropanol.  
The box was kept at -80 °C for 12 hours; cells were then transferred to liquid nitrogen.  
Cell growth, attachment or detachment as a result of trypsin/EDTA application was 
checked using a phase contrast microscope (AX 80, Olympus, UK).  Cells were 
passaged as they approached 70-80% confluence.  
The studied HGF cells appeared to have sharp, bipolar, elongated spindle shape 
when examined under light microscopy.  HGF cells seemed to grow in parallel 
clusters at the stage of 70-80% confluence.  In contrast, G-292 cells were significantly 
smaller in size.  They exhibited multipolar, stellate appearance.  Figure 89 
demonstrates representative HGF and G-292 appearance under light microscopy at 
70-80% confluence stage. 
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Figure 90.  Setup of the tissue culture procedures. 
Top left, Zr-M, MDS and SLActive-like discs inserted in 24 well plates.  Bottom left, Cells 
(HGF) seeded on the discs and control.  Right, demonstration of the tight seal between 
the discs and walls of each well. 
Zr-M, MDS and SLActive-like discs were snugly fitted in the bottom of 24 cell 




, The Netherlands) in a cell culture cabinet (while 
wearing surgical sterile gloves and using sterile forceps).  The efficiency of the seal 
between the disc borders and the walls of the well plate was checked by adding 1 ml of 
DMEM on top of the disc and checking the bottom side of the 24 well plate for any 
leakage.  Samples with no leakage were used to seed cells on in order to prevent any 
cell loss or confounding effect from tissue culture plastic.  HGF and G-292 cells were 
seeded on three discs from each group with seeding density equals to 5×10
4 
cell/well.  
Tissue culture plastic was used as a control  as shown in Figure 90.  A total amount of 
2 ml of DMEM was added to each well.  The cells were incubated for 24 hours, 1 
week, 2 weeks and 3 weeks periods.  Cells were harvested using three trypsinisation 
cycles with 5 min duration for each. 
  
Figure 89.  HGF (left) and G-292 (right) cells used in this study at 70-80% confluence stage. 
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4.2.5.2 Assessment of cell proliferation 
Proliferation refers to the increase of cell number as a result of cell growth and 
replication.  Biocompatible materials are not supposed to adversely affect the cell 
proliferation.  Rather, implantable materials should provide a platform for cells from 
adjacent tissues to proliferate and differentiate in order to achieve successful tissue 
integration.  At the level of bone tissue, this feature is known as osteoconductivity.  
Both zirconia and cpTi materials have osteoconductive properties which can be further 
modified by alteration of surface topography (Al-Nawas et al., 2008). 
After each incubation period, the total number of cells was calculated by 
counting the floating cells in the culture medium as well as the trypsinised cells.  
Scepter
TM
 2.0 hand held automated cell counter fitted with 40 µl Scepter sensors was 
used for cell counting (Merck Millipore, UK).  Total cell counts were obtained for five 
samples from each group and a mean total cell number was calculated.  Cell doubling 
time was calculated using an online tool (Roth, 2006).  
After 24 hours incubation period, HGF cells exhibited the highest proliferation 
capacity in MDS and control groups.  One way ANOVA and Tukey HDS post-hoc 
analysis revealed no significant difference in the mean total HGF count between these 
groups (p>0.05).  Total HGF count in MDS and control was significantly higher in 
comparison to SLActive-like and Zr-M (p<0.05).  There was no statistically significant 
difference in the mean total HGF count between SLActive-like and Zr-M groups 
(p>0.05).  With regard to G-292 cells, MDS group exhibited the highest proliferation 
rate when compared to all other groups (p<0.05).  Control group had the second 
highest mean total G-292 count which was significantly higher than Zr-M and 
SLActive-like groups.  Zr-M exhibited higher mean total G-292 count when compared 
to SLActive-like counterpart, however this difference was not statistically significant 
(p>0.05). 
After 1 week incubation period, the MDS group had a similar mean total HGF 
count to the control groups (p>0.05).  Both groups had significantly higher mean total 
HGF count when compared to Zr-M and SLActive-like (p<0.05).  With regard to 
G-292 cells, the control group exhibited the highest proliferation rate followed by 
MDS.  The difference was not statistically significant (p>0.05) between the two 
groups.  However, difference reached significance level when comparing control and 
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MDS with SLActive-like and Zr-M groups (p<0.05).  SLActive-like exhibited higher 
mean total G-292 count when compared to Zr-M counterpart, the difference was not 
statistically significant, however (p>0.05). 
After 2 weeks incubation period, control group exhibited the highest proliferation 
rate (p<0.05).  Mean total HGF count for MDS group was not significantly different 
from SLActive-like and Zr-M (p>0.05).  However, SLActive-like group had 
significantly higher mean total HGF count when compared to Zr-M (p<0.05).  With 
regard to G-292 cells, control group exhibited the highest proliferation rate when 
compared to all other groups (p<0.05).  SLActive-like group had the second highest 
mean total G-292 count which was comparable to MDS (third) and Zr-M (lowest) 
groups (p>0.05). 
After 3 weeks incubation period, MDS, SLActive-like and control groups had 
comparable total HGF count (p>0.05).  Zr-M group exhibited the lowest mean total 
HGF count (p<0.05).  With regard to G-292 cells, control group exhibited the highest 
proliferation rate followed by MDS, SLActive-like and Zr-M, respectively.  There 
were statistically significant differences between the mean total G-292 counts among 
all experimental groups (p<0.05).  Figure 91 summarises the mean total HGF and G-
292 cell counts at different incubation periods.  
The mean doubling time of HGF and G-292 cells was not significantly different 
when calculated for cells seeded on control for 24 hours (p>0.05).  HGF cultured on 
tissue culture plastic had the lowest doubling time followed by MDS, Zr-M and 
SLActive-like groups respectively.  The difference was statistically significant between 
all the groups except MDS and Zr-M as well as MDS and control (p>0.05).  G-292 
cultured on MDS had the lowest doubling time followed by tissue culture plastic, 
Zr-M and SLActive-like groups respectively.  The difference was statistically 
significant between all the groups except SLActive-like and Zr-M as well as MDS and 






Figure 91. Total HGF and G-292 counts. 
Bar chart represents means and standard deviation of total HGF (top) and G-292 (bottom) counts 
upon incubation on MDS, Zr-M, SLActive-like and control surfaces for 24 hours, 1  week, 2 weeks 




















































































Figure 92. HGF and G-292 doubling times. 
Bar chart represents means and standard deviation of total HGF (blue) and G-292 (red) 
doubling times upon incubation on MDS, Zr-M, SLAactive-like and control surfaces for 
24 hours (n=5). Initial seeding density was 5×104 cell/surface 
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4.2.5.3 Assessment of cell viability using flow cytometry 
Flow cytometry is a versatile analytical platform that is used to perform 
quantitative, multiparametric analysis of physical and biochemical characteristics of 
cells including size, granularity, internal complexity and fluorescence intensity.  A 
flow cytometer is comprised of fluidics, optics and electronics systems.  The fluidics 
system acts as a vehicle to transport cells in a stream to the optics system.  The latter is 
comprised of a laser beam that illuminates the cells in the sample stream.  The 
scattered and fluorescent light signals are subsequently collected by lenses and then 
directed to the appropriate detectors by a series of beam filters and splitters.  The 
electronics system converts the detected light signals into electronic signals according 
to how the cell scatters incident laser light and the intensity of the resulting 
fluorescence (BD Biosciences, 2000).  
In the present study, a BD Biosciences LSRFortessa flow cytometer was used for 
cell viability analysis of various experimental groups (BD Biosciences, San Jose, CA).  
Flowing software version 2.5.1 was used to perform the throughput analysis (Turku 
Centre for Biotechnology, Finland).  The aim of this experiment was to quantify the 
percentage of viable, pre-apoptotic, apoptotic and dead cells as a result of necrosis.  
The first step was to establish flow cytometry standards (FCSs) for these four cell 
conditions.  In order to achieve the latter three conditions, HGF and G-292 cells at a 
concentration of 5×10
4
 cells/ml were treated as follows;  
 To induce pre-apoptosis, cells were deprived of glucose by culturing them in 
PBS overnight.  
 To induce apoptosis, cells were UV irradiated for 30 min.   
 To induce necrosis, cells were incubated in a water bath at 60°C for 60 min.  
Following these treatments, the dead cells (heated) were labelled with 10 µl 
propidium iodide (PI) (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) from 
1 µg/ml PI solution.  PI is a fluorescent molecule that binds to DNA. It is cell 
membrane impermeant and thus, can only stain cells with a disrupted cell membrane 
(dead cells as a result of necrosis or apoptosis).  The apoptotic cells (UV irradiated) 
were washed with PBS and resuspended in 1 ml of Annexin V Binding Buffer 
(BioLegend, San Diego, CA), of which 100 µL was transferred to a fresh microtube 
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before the addition of 5 µl Alexa Fluor
®
 647 conjugated Annexin V (BioLegend, San 
Diego, CA).  Annexin V selectively binds to phosphatidylserine, a protein externalised 
to the surface of cytoplasmic cell membrane during apoptosis (pre-apoptosis).  
Additionally, 100 µL of apoptotic cell suspension was dual labelled with both Annexin 
V and PI (dead due to apoptosis).  Samples were incubated in the dark at room 
temperature for 15 min prior to washing and resuspension in PBS or Annexin V 
Binding Buffer.  These samples, in addition to an unlabelled negative control and 
single labelled viable cells were analysed.  Unlabelled, single labelled and dual 
labelled samples were used to set acquisition parameters to reduce autofluorescence 
and potential channel crossover. 
HGF and G-292 cells cultured on MDS, Zr-M, SLActive-like and tissue culture 
plastic surfaces for 24 hours, 1 week, 2 weeks and 3 weeks were studied (n=3 per 
group).  Floating and attached cells were harvested from various surfaces by aspirating 
the DMEM and 3 cycles of trypsinisation, respectively.  Samples were centrifuged at 
200×g for 5 min, washed with PBS, centrifuged again at 200 ×g for 5 min and 
resuspended in 1 ml Annexin V Binding Buffer to which 10 µl of PI was added. 100 
µl of cell suspension was transferred to a fresh microtube to which 5 µl of Alexa 
Fluor
®
 647 conjugated Annexin V was added.   
Samples were incubated in the dark at room temperature for 15 min before the 
addition of 400 µl of Annexin V Binding Buffer.  Samples were then centrifuged at 
200×g for 5 min before resuspension in 500 µl of Annexin V Binding Buffer prior to 
analysis in the flow cytometer.   
Samples were gated based on forward and side scatter to exclude cellular debris 
from the analysis and were analysed for expression of PI, Annexin V and Alexa 
Fluor
®
 647.  Measurements were made in triplicates for each experimental group.  A 
minimum of 1×10
4 
gated events were acquired for each sample.  Figure 93 and 94 
shows representative dot plots for HGF and G-292 cells cultured on the four studied 





Figure 93. Representative flow cytometry output for HGF cells. 
A, control, B, MDS, C, Zr-M and D SLActive-like surfaces after 24 hours incubation period. 
Within each row, dot plot at the left represents the total number of gated cells and particles. R1 
is the region of interest contains the events that are more consistent with cell size (red dots).  
R1 was selected to exclude debris from analysis (black dots).  Dot plots at the right represent 
data analysis.  Top quadrants represent dead cells (PI positive) and bottom quadrants 
represent live cells (PI negative).  Top left represents cells that died due to necrosis, top right 
represents apoptotic cells (PI and Annexin V positive), bottom right represent pre-apoptotic 
cells (Annexin V positive and PI negative) and bottom left represent viable cells (PI and 




Figure 94. Representative flow cytometry output for G-292 cells. 
A, control, B, MDS, C, Zr-M and D, SLActive-like surfaces after 24 hours incubation period. 
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Several tests were used to perform statistical analysis on the flow cytometry data.  
Some of the data sets were not normally distributed and others did not have equal 
variances.  Thus, a combination of tests was used including; independent sample 
Mann–Whitney U test, one-way ANOVA, Tukey HSD and Games-Howell post-hoc 
tests.  Results from flow cytometry are summarised and presented in Figure 95 and 
Table 19. 
All studied surfaces exhibited high cytocompatibility after all incubation periods 
(>87% viability).  As far as HGF cells were concerned, MDS surface seemed to 
induce the least amount of cell necrosis.  There were no statistically significant 
differences in viability percentage of all studied surfaces apart from marginal increase 
in MDS group after 3 weeks incubation period. With regard to G-292 cells, roughness 
of zirconia had a notable impact on the percentage of viable and apoptotic cells at early 
stages.  MDS was more biocompatible than smoother Zr-M counterpart.  Moreover, 
SLActive-like surface had significantly higher viability percentage and lower pre-
apoptosis, apoptosis and necrosis only at 2 weeks incubation period in comparison to 










































































































Figure 95.  Biocompatibility of implant surfaces as per flow cytometry 
Stacked bar chart represents the mean and standard deviation of percentage of viable, pre-
apoptotic, apoptotic and necrotic HGF (top) and G-292(bottom) when cultured on MDS, Zr-M, 







Table 19.  Summary of flow cytometry data  
 Mean percentages (SD) of viable, pre-apoptotic , apoptotic and necrotic HGF and G-292 cells upon exposure to various materials in comparison to control.  
Grey and black shaded values indicate p=0.05 and p<0.05, respectively.. 
Viable Pre-apoptotic Apoptotic Necrotic 
HGF 
 MDS Zr-M 
SLActive-
Like 
TCP MDS Zr-M 
SLActive-
Like 
TCP MDS Zr-M 
SLActive-
Like 















































































































































































































































































4.2.5.4 Expression profile of genes controlling osseointegration and 
periointegration 
Osteoblasts play a key role in the osseointegration process where they are 
responsible for new bone formation.  Several transcription factors orchestrate 
osteogenic differentiation and stimulate osteogenesis. Runt-related transcription 
factor 2 (RUNX-2) initiates the transcription and subsequent translation of many other 
genes responsible for extracellular matrix deposition during the early phases of 
osteogenesis.  It is essential for proper execution of the osteogenic program (Drissi 
et al., 2000).  Bone morphogenetic protein 2 (BMP-2) is a transformation growth 
factor that potently induces osteogenic differentiation at early stages of osteogenesis 
(Chen et al., 2004).  Alkaline phosphatase (ALP) is an enzyme that is responsible for 
hydrolysing phosphate groups from proteins to provide inorganic phosphate to be used 
for bone mineralisation (Orimo, 2010).  Osteocalcin (OSCN) is a non-collagenous 
extracellular matrix protein that is expressed during late stages of osteogenesis. Its 
expression is regulated by RUNX-2, BMP-2 and vitamin D3.  It regulates the calcium 
ion haemostasis and plays a major role in bone mineralisation (Ducy and Karsenty, 
1995).  
Fibroblasts are the most abundant cells in the connective tissue part of the peri-
implant soft tissues.  They are largely responsible for the soft tissue response to 
implanted biomaterials and long-term success of the implant.  Initial attachment of 
fibroblasts during connective tissue healing has an essential role in this process.  Focal 
adhesion contacts (FACs) are the anchorage structures involved in fibroblast adhesion 
and attachment to the implanted material.  FACs are confined areas of extremely tight 
contact between the basal cell membrane and the implanted material located at the 
distal ends of microfilament bundles.  FACs provide sites of mechanical attachment to 
the extracellular matrix.  They also act as foci where adhesion-associated signal 
transduction is initiated (Singer, 1982, Burridge and Chrzanowska-Wodnicka, 1996, 
Größner-Schreiber et al., 2006). 
The ultrastructural analysis of the FACs revealed two major components; 
fibronectin and vinculin.  The former is a peri-cellular glycoprotein that apparently 
mediates the adhesion of fibroblasts to the underlying substrate.  The latter is an actin-
binding protein that is located within FACs at the end of actin microfilaments bundles.  
FACs can be thus identified by the presence of these components.  The abundance of 
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such components is a reflection and indicator of the efficiency of cell adhesion 
(Yamada et al., 1976, Geiger et al., 1980, Singer, 1982, Größner-Schreiber et al., 
2006). 
Several other proteins are involved in fibroblast adhesion such as integrins and 
vimentins (Gómez-Florit et al., 2014).  Furthermore, the durability and strength of soft 
tissue attachment relies heavily on the density and abundance of collagenous fibres 
within the connective tissue around the transmucosal part of the dental implant.  
Ultrastructural immunolabeling of biopsies from soft tissues surrounding dental 
implants in human mandibles revealed that the connective tissue located under the 
junctional epithelium and above crestal bone were comprised of several types of 
collagen fibres.  However, type I collagen was in common in all studied parts of 
connective tissue and was the most dominant fibre in the supracrestal part (Chavrier 
and Couble, 1998).  
Quantitative real time polymerase chain reaction (qRT-PCR) is a widely used 
technique to study the expression profile of specific genes in a single stranded DNA.  
The technique involves amplification of single stranded DNA and quantification of the 
target oligonucleotide sequence utilising specific probes and dye-based detection.  The 
present study used a Taq-Man
®
 qRT-PCR assay to investigate the effects of various 
surfaces on the gene expression profile of osteogenic markers (RUNX-2, BMP-2, ALP 
and OSCN) and genes encoding for proteins involved in periointegration such as 
fibronectin (FN1), vinculin (VCL), integrin-α2 (ITGA-2) and collagen type I α1 
(COL1A1).  Tissue culture procedures and incubation conditions were similar to those 
used in proliferation and viability studies described in Section 4.2.5.1.  One exception 
was the seeding density of HGF and G-292 cells for 24 hours incubation period.  The 
number of cells was increased to 1×10
5
 cell/well in order to obtain sufficient RNA for 
qRT-PCR experiments. 
4.2.5.4.1 RNA extraction, quantitative and qualitative analysis 
HGF and G-292 cells were harvested at the end of each incubation period.  Cell 
pellets were washed with PBS in order to remove any traces of DMEM, centrifuged 
again and PBS was aspirated.  Total RNA was extracted and purified immediately after 
harvesting using RNeasy Mini Kit
®
 (QIAGEN, UK).  In brief, complete disruption of 
plasma membranes of cells and organelles was achieved using 350 µl of 
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β-Mercaptoethanol and RLT lysis buffer (1:100).  The mixture was pipetted up and 
down until the cell pellet was completely dissolved.  The resultant lysate was 
homogenised by vortexing for 1 min. 70% ethanol was added to the homogenised 
lysate to enhance binding of RNA and mixed by pipetting.  The mixture and any 
precipitate was pipetted out to an RNeasy spin column placed in a 2 ml collection tube 
and centrifuged for 15 sec at 10,000 rpm.  The flow through was discarded and 350 µl 
of RW1 buffer were added to the column, centrifuged for 15 sec and the flow-through 
was discarded.  On-column DNase digestion was performed to eliminate genomic 
DNA contamination using RNase-Free DNase set (Qiagen, UK).  RW1 buffer was 
used again to wash the spin column’s membrane for a several times to eliminate 
ethanol contamination.  500 µl of RPE buffer were used twice to wash the spin 
column’s membrane to ensure alcohol elimination.  Finally, the RNA elution was 
achieved by addition of 30 µl of RNase-free water to the spin column and further 
centrifugation for 1 min at 10,000 rpm.  The eluted RNA was kept in sterile 1.5 ml 
plastic tubes and immediately placed on ice.  The concentration of the eluted RNA was 
measured using NanoDrop
TM
 1000 spectrophotometer (Thermo Scientific, UK).  
Measurements were repeated three times and an average concentration was calculated 
for each sample. 
The quality of RNA was checked using several criteria obtained from 
NanoDrop
TM
 measurements.  RNA sample with; an absorbance peak at 260 nm, 
260/280 absorbance ratio between 1.8-2.4 and 260/230 absorbance ratio more than 2.0 
was deemed as acceptable quality.  Integrity of RNA was further analysed by agarose 
gel electrophoresis.  The agarose gel (1.2% w/v) was prepared by dissolving the 
required weight of agarose powder in 100 ml of 1 ×tris acetate /EDTA buffer (TAE 
buffer, Sigma-Aldrich, UK).  The gel was heated in the microwave at 75 °C for 1 min 
until completely dissolved.  The gel was allowed to cool down at room temperature for 
5 min before addition of 0.5 µl ethidium bromide dye.  The gel was swirled gently to 
mix the contents, a comb was inserted and the gel allowed to set.  A gel tray was 
placed in the gel tank filled with 250 ml of 1× TAE buffer and the comb was removed.  
A mixture of 2 µl loading buffer, 8 µl of RNase-free water containing 1 µg RNA was 
loaded into the gel.  The electrophoresis was performed for 55 min at 100 V.  After the 
completion of the run the gel was viewed under transilluminator UV light (Syngene, 
UK).  A run of intact total eukaryotic RNA on a denaturing agarose gel should exhibit 
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ribosomal peaks (bands) at 18S and 28S sedimentation coefficient (S).  The latter is an 
indication of molecular size of the RNA.  The ratio of band intensity (28S/18S) can be 
used as indication on the integrity of total RNA.  A 28S/18S ratio of 2 is an indication 
of intact, high quality RNA. 
The majority of samples in this study demonstrated high quality, integrity and 
purity of the extracted total RNA according to the studied criteria.  The total RNA 
extracted from some HGF and G-292 cells incubated for 24 hours exhibited 260/280 
absorbance ratios marginally outside the cited acceptable range for intact RNA. This 
may point toward the presence of UV absorbing contaminants such as proteins, 
genomic DNA or traces of the reagents used in the RNA extraction process.  Such 
findings are reportedly not considered as a reason to preclude the use of the samples 
for qRT-PCR studies.  Further analysis of RNA integrity using agarose denaturing gel 
revealed two distinct bands at 18S and 28S.  The 28S bands were larger and of higher 
densities which is consistent with highly intact total eukaryotic RNA samples.  
Figure 96 illustrates a representative denaturing agarose gel of RNA samples extracted 
from HGF and G-292 cells incubated on Zr-M, MDS, SLActive-Like and control 
surfaces for 24 hours. 
Figure 96.  Representative RNA electrophoresis gels. 
Electrophoresis gel for RNA samples extracted from G-292 (top) and HGF cells 
(bottom) incubated on MDS, Zr-M, SLActive-like and control surfaces for 24 hours.   
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4.2.5.4.2 Complementary DNA (cDNA) synthesis 





 MasterMix cDNA Synthesis Kit (Invitrogen, Life technologies, 
UK).  cDNA reactions were prepared from 4 µl master mix, RNA volume containing 
200 ng RNA and RNase-free water for a final mix of 20 µl.  Components were mixed 
gently by pipetting and then spun down for 25 sec in micro-centrifuge.  cDNA 
reactions were incubated at 25 °C for 10 min, 42 °C for 5 min and finally at 85 °C for 
5 min.  Thermal cycling was performed using Peltier Gradient Thermal Cycler (GMI, 
USA).  At the end of the thermal cycling protocol, cDNA was diluted by adding 80 µl 
RNase-free water.  Diluted cDNA was stored at -20 °C for further use. 
4.2.5.4.3 qRT-PCR analysis of HGF and G-292 cells 
Taq-Man
®
 qRT-PCR assay was used to study the expression profile of the 
following genes; RUNX-2, BMP-2, ALP, OSCN, FN1, VCL, ITGA-2 and COL1A1.  
Β-actin (ACTB) and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used 
as reference or housekeeping genes.  
Taq-Man
®
 primers/probes for all studied genes were custom designed and 
evaluated for priming specificity and amplification efficiency by Primerdesign Ltd., 
UK.  Appendix F contains a copy of the data sheet for one of the studied genes.  
qRT-PCR reactions were made in triplicates for each gene of interest.  Each reaction 
was prepared from; 1 µl of the custom human real-time PCR primer with double dye 
probe (Taqman style) for the studied gene, 10 µl of PrecisionPlus
TM
 MasterMix, 4 µl 
of RNAse/DNAse free water (Primerdesign Ltd., UK) and 5 µl of cDNA.  No template 
control (NTC) reactions were prepared for each used primer to exclude genomic DNA 
contamination of any of the used reagents.  NTC reactions were prepared exactly as for 
experimental reaction with the exception that cDNA was substituted with 
RNAse/DNAse free water.  All reactions were loaded to white 95 well plates. A  
LightCycler 1536 Real-Time PCR system was used for the qRT-PCR analysis (Roche, 
UK).  The operational software used for data (cycle threshold, Ct values) acquisition 
was ABI 7000 system (Applied Biosystems, UK).  Thermal cycling conditions were 
set according to the manufacturer’s instructions which are summarised in Table 20. 
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Table 20. qRT-PCR amplification protocol.  
Stage Repetition Step Time Temperature 
1 1 Enzyme activation-Hot start 10 min 95°C 
2 50 
Denaturation 15s 95°C 
Data collection 60s 60°C 
The Ct value is an indication on the number of amplification cycles required for 
the fluorescent signal from the PCR products to exceed background level.  It is 
inversely proportional to the amount of target nucleotide sequence of the gene of 
interest within the cDNA.  Quantification of expression of gene of interest can be 
performed relative to an endogenous reference gene (housekeeping gene that is usually 
expressed constitutively in cell type under various conditions).  For data analysis 
purposes, Ct values for ACTB were used in this study as it was more constitutively 
expressed under all conditions in comparison to GAPDH.  Relative expression of the 
target gene using the normalised fold change method was assessed according to the 
following Equations: 
∆𝑪𝒕𝑺𝒂𝒎𝒑𝒍𝒆 𝒐𝒓 𝑪𝒐𝒏𝒕𝒓𝒐𝒍 = 𝑪𝒕𝑻𝒂𝒓𝒈𝒆𝒕 𝑮𝒆𝒏𝒆 − 𝑪𝒕𝑨𝑪𝑻𝑩     (𝟐𝟔) 
∆∆𝑪𝒕 = 𝑪𝒕𝑺𝒂𝒎𝒑𝒍𝒆 − 𝑪𝒕𝑪𝒐𝒏𝒕𝒓𝒐𝒍      (𝟐𝟕) 
𝑹𝑸 =  𝟐−∆∆𝑪𝒕      (28) 
Where; 
Sample refers to MDS, Zr-M and SLActive-like surfaces, 
Control refers to tissue culture plastic surface, and 




The expression profiles of genes responsible for the synthesis of FAC proteins 
(vinculin and fibronectin) revealed slight upregulation of such genes in the HGFs 
cultured on MDS surface in comparison to SLActive-Like surface.  Subtle differences 
in the expression profile of these genes were seen in Zr-M and MDS groups.  The 
highest upregulation of VCL and FN1 was identified in the MDS group after 1 week 
incubation period.  
ITGA-2 was highly upregulated in HGFs cultured on Zr-M and MDS for 24 
hours and 3 weeks in comparison to control and SLActive-like groups.  After 1 and 2 
week incubation periods, MDS group induced the highest upregulation of ITGA-2 in 
comparison to all other groups.  COL1A1 was highly upregulated in Zr-M and MDS 
groups after 24 hours incubation and only in MDS group after 1 week incubation 
period.  Subtle differences were seen in the expression profile of COL1A1 between all 
the groups after 2 and 3 weeks incubation period of the HGFs.  Figure 97 
demonstrates the expression profile of VCL, FN1, ITGA-2 and COL1A1 genes as 
indicated by RQ values. 
After 24 hours incubation period, early osteogenesis markers (BMP-2 and 
RUNX-2) were significantly upregulated in G-292 cells cultured on MDS surfaces and 
to a lesser extent, in G-292 cultured on SLActive-like surfaces.  Zr-M demonstrated the 
lowest expression of BMP-2 and RUNX-2. There was no notable upregulation of 
OSCN and ALP.  
With increasing incubation period, late osteogenesis markers (OSCN and ALP) 
started to be upregulated.  The greatest upregulation of OSCN was noticed in MDS 
group after 3 weeks incubation time followed by SLActive-like, Zr-M and control 
groups.  The difference in RQ seemed to be significant as the relative expression of 
OSCN almost doubled.  Similarly, the expression of ALP was highest in MDS group 
after 2 and 3 weeks incubation period.  However, Zr-M exhibited higher expression of 
ALP during at these periods when compared to SLActive-like surface.  The interesting 
finding was at incubation period of 1 week where Zr-M exhibited greatest upregulation 
of OSCN in comparison to after 2 and 3 weeks incubation periods and other 
experimental groups at all incubation periods.  Figure 98 summarises the expression 




Figure 97. Expression profile of VCL, ColA1, FN1 and ITGA2 in HGF cells. 
Bar chart represents changes in the gene expression profile in HGF cells when incubated on 
MDS, Zr-M, SLActive-like and control surfaces for 24 hours, 1 week, 2 weeks and 3 weeks.  








The description of implant surface topography lacks consensus as to what is 
deemed smooth or rough.  Many studies described implant surfaces based on dubious 
surface characterisation techniques that lack quantitative abilities especially in the era 
that witnessed the long-term findings on machined Brånemark implants (Wennerberg 
and Albrektsson, 2009).  Additionally, machined implants were deemed smooth 
despite the fact that some machining techniques may result in roughened implant 
surfaces.  The introduction of CLSM and various types of optical profilometers 
enabled more sophisticated characterisation of surface topographies and quantification 
of various surface roughness parameters.  The height-descriptive line or aerial profiles 
are commonly reported for implant surfaces in the literature.  A classification for 
implant surface roughness utilised Ra parameter as follow; smooth (Ra <0.5 μm), 
minimally rough (Ra 0.5–1 μm), moderately rough (Ra 1–2 μm) and rough surfaces 
(Ra >2 μm) (Albrektsson and Wennerberg, 2004). 
In the present study, CLSM was used in the present study to calculate the two 
dimensional aerial parameters for various experimental surfaces (Section 4.2.3).  The 
findings indicated that CIM can produce a minimally rough zirconia surfaces by using 
moulds with roughened inner surfaces (Ra≈1µm).  Further alteration of surface 
topography was achieved utilising the proprietary MDS acid etching techniques.  The 
Ra value (2.19 µm) for the MDS surface was just above the range for moderately rough 
surfaces.  The MDS acid etching technique did not only result in alteration of texture 
and waviness of the surface, it also caused notable material removal as indicated by the 
increased number and density of the surface micropores. Furthermore, acid etching 
caused significant changes at the crystalline level where it significantly reduced crystal 
size and rendered the crystals highly irregular as opposed to the initial homogenous, 
equiaxial outline. 
Alteration of surface topography utilising mould roughness and MDS treatment 
can be of a substantial importance in the light of limited ability to achieve such effect 
with conventional surface treatment.  Mechanical surface treatments such as 
sandblasting and grinding may be ineffective to induce notable alteration of surface 
topography owing to the very high hardness of zirconia.  Additionally, such treatment 
may have detrimental effects on the mechanical properties and can potentially increase 
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the risk of material ageing (Zhang et al., 2004a, Zhang et al., 2004b, Zhang and Lawn, 
2005).  Several studies investigated the effect of sandblasting utilising corundum or 
alumina particles with different grain sizes.  The use of both materials failed to 
produce surface roughness parameter (Ra) above 1 µm (Gahlert et al., 2007, 
Schliephake et al., 2010, Saulacic et al., 2014).  In contrast, sandblasting grade II cpTi 
with 250-500 µm alumina particles resulted in very rough surface with Ra≈3.15 µm 
(unreported findings in this study).  These findings clearly demonstrate the poor 
efficacy of sandblasting when used with zirconia ceramics.  
Zirconia exhibited significantly higher resistance to erosion-corrosion induced by 
various types of acid attacks when compared to titanium and other ceramic materials 
(Bermúdez et al., 2005, Chaiyabutr et al., 2008).  Sandblasting and etching of Y-TZP 
implants in an alkaline bath (hot solution of sodium hydroxide and potassium 
hydroxide for 24 hours) resulted in minimally rough implant surface (Ra= 1.1 µm) 
(Ferguson et al., 2008, Schliephake et al., 2010, Saulacic et al., 2014).  Proprietary 
acid etching techniques were also investigated for their effectiveness to roughen 
zirconia implant surfaces.  Some of these techniques utilised warm hydrofluoric acid 
solutions and produced minimally rough surface with Ra 0.55-0.63 µm (Gahlert et al., 
2007, Gahlert et al., 2012, Saulacic et al., 2014).  Additionally, a widely marketed one-
piece zirconia implant system is claimed to exhibit a moderately rough acid-etched 
implant surface (ICE
®
 surface, Ra=1.16 µm) according to some studies and by the 
manufacturer (Oliva et al., 2007, Oliva et al., 2010).  Sandblasted and acid-etched 
zirconia surface was investigated and found to have mean Ra value of 0.93 µm 
(Bächle et al., 2007).  Details on the acid etching protocol or type of the used acid 
could not be found.  Furthermore, zirconia surface modification was performed by 
sandblasting with alumina particles (grain size 30–130 μm) followed by acid-etching 
with hydrofluoric acid, nitric acid and sulfuric acid with subsequent heat treatment 
(1200–1400 °C) in order to smoothen the sharp edges as a result of the etching 
procedure.  This patented surface modification resulted in Ra value of 0.94 µm. 
An experimental coated zirconia surface, ZiUnite™, was introduced by Nobel 
Biocare.  The implant is produced by sintering dried slurry, sprayed on one-piece 
zirconia implant and the resulting Ra was estimated to be 1.0 µm.  Further modification 
of this surface was achieved by coating the implant with <50 nm calcium phosphate 
layer or < 200 nm hydroxyapatite nanoparticles (Ra: 0.94-1.24 µm) (Sennerby et al., 
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2005, Lee et al., 2009b).  A novel selective infiltration-etching technique was recently 
used to roughen zirconia implant surfaces (Ra=0.8µm).  The technique utilises molten 
glass to infiltrate and diffuse between the grain boundaries of zirconia.  The glass 
exerts surface tension and capillary forces to induce sliding, splitting, and 
rearrangement of the surface zirconia crystals.  The glass is subsequently dissolved in 
an acidic bath in order to expose the created nanoscale inter-crystalline spaces 
(Aboushelib et al., 2013b).  CO2 laser treatment was also used to create micro-textured 
zirconia implant surface with Ra values ranging from 0.4-0.9 µm depending on the 
used laser energy (Hao et al., 2005, Stübinger et al., 2008, Hoffmann et al., 2011).   
Ra is the most commonly height-descriptive parameter for implant surface 
roughness in the literature (Wennerberg and Albrektsson, 2009).  Ra is a center line 
average measurement that is obtained from mean absolute deviation of roughness 
irregularities (peaks and valleys) from a reference line along the studied area 
(Gadelmawla et al., 2002).  However, the use of this parameter as sole determinant for 
surface topography may be misleading.  This can be attributed to several reasons 
including; (1) Ra parameter does not distinguish peaks from valleys which render this 
parameter of no use to estimate surface flaws introduced by the surface treatments 
which can be expressed as valleys, (2) it does not distinguish roughness from an 
undulating surface, and (3) it is not sensitive to minimal changes in the roughness 
profile as well as very high peaks and low valleys.  The latter point is very important 
as large-grit sandblasting and roughness as a result using roughened mould may result 
in high peaks that can be underestimated if Ra was solely used.  For these reasons, Ra 
values were supplemented with several other parameters such as Rv and Rp that 
differentiate peaks from valleys and Rq which are more sensitive to large deviations 
from the mean line as in the case of high peaks and low valleys.  The increase of 
surface area was also determined as a result of surface roughening technique 
(Gadelmawla et al., 2002, Al-Shammery et al., 2007, Wennerberg and Albrektsson, 
2009). 
The aim of producing a SLActive-like surface in this study was to provide a 
widely studied and used implant surface that serves as control.  The process and 
concentration of chemicals used to produce the original, commercially available 
SLActive
®
 surface are patent confidentials and were not available.  The method 
followed in in Section 4.2.1 was collated from dispersed information in several studies 
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and patents (Martin et al., 1995, Simpson and Steinemann, 2002, Zinger et al., 2003, 
Zhao et al., 2005, Schwarz et al., 2007a).  The appearance of the SLActive-like surface 
under SEM was very similar to that reported in other studies and by the manufacturer 
which can be best described as a hierarchically, several level, ordered structure where 
larger concavities created by sandblasting embraced smaller round micropits created 
by the warm acid attack (Martin et al., 1995, Rupp et al., 2004, Kang et al., 2009, 
Schmidilin et al., 2013).   
The chemical composition of the surface was significantly different from that 
reported for commercially available SLActive
®
 surface.  In particular, oxygen 
concentration was three times higher than titanium which is an indication on the 
formation of oxide layer within SLActive
®
 (Rupp et al., 2006).  Whereas in the 
SLActive-like surface, EDS analysis revealed seven times higher titanium 
concentration when compared to oxygen which may indicate that the surface is largely 
un-oxidised.  This finding could be attributed to the fact that the surface was examined 
straight after preparation which did not allow enough interaction between the normal 
saline and/or air for the oxidation reaction to take place.   
A superior characteristic of SLActive-like surface over SLActive
®
 was that the 
amount of carbon contamination was reduced to less than half in the former surface.  It 
is also worthwhile to stress that surface chemistry analysis performed by Rupp et al. 
(2006) utilised X-Ray photoelectron spectroscopy which could be significantly 
superior to EDS used in the current study (Rupp et al., 2006). 
The roughness parameters obtained for the SLActive-like surface was in the 
range of those reported for commercially available SLActive
®
.  It has been reported 
that SLActive
®
 surface has Ra ranging between 2-4 µm with a mean value of 2.94 µm 
(Sammons et al., 2005, Rupp et al., 2006).  Another study reported Ra of 3.0 µm and 
Rq of 3.74 µm which were comparable to those calculated for SLActive-like surface 
produced in this study (Kunzler et al., 2007).   
The present study calculated unfiltered, 2D height-descriptive or amplitude 
parameters in Section 4.2.3.  The use of 3D height descriptive counterparts in 
conjunction with spatial, spacing, hybrid or functional parameters may provide a much 
better characterisation for all modern implant surfaces.  This is becoming a more 
relevant aspect as the recently introduced surface treatments may alter the surface 
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topography at the macro-, micro- and nano-scales (Gadelmawla et al., 2002, 
Wennerberg and Albrektsson, 2009).  However, the available software operating 
CLSM used in this study did not support the calculation of such parameters.  
Tactile or mechanical stylus surface profilometers, optical profilometers and 
CLSMs are among the most widely used instruments to quantify surface roughness.  A 
study reported high agreement between these techniques when used to measure the 
same sample (Conroy and Armstrong, 2005).  Conversely, other studies reported poor 
correlation between roughness parameters when measured using tactile and other 
methods which was attributed to limitation related to size of the stylus, the used 
sampling rate, force of the tactile profilometers and the hardness of the material 
(Whitehead et al., 1995, Wennerberg et al., 1996).  There is however lack of evidence 
on the good correlation between roughness parameters measured using various non-
contact techniques.   
The present study used optical profilometry to measure roughness parameters of 
representative samples of MDS and SLActive-like surfaces (data unreported).  The 3D 
height-descriptive parameters Sa, Sq, Sp and Sv were significantly lower in comparison 
to the 2D counterparts Ra, Rq, Rp and Rv, respectively.  The mean Sa for MDS was 
measured as 1.29 µm in comparison to Ra value calculated by CLSM (2.19 µm).  With 
regard to SLActive-like surface, Sa value was 1.79 µm as opposed to Ra value of 
2.49 µm (Figure 99). 
Similar observation was reported in another study where CLSM had a tendency 
to overestimate the surface roughness parameters due to the formation of spikes on 
surfaces with deep roughness irregularities (Al-Shammery et al., 2007).  Additionally, 
CLSM may have higher resolution than optical profilometers and is always used at 
higher magnifications with lower dimensions for regions of interest and thereby yields 
surface parameters higher than those measured using optical profilometers 




Figure 99. Optical profilometry of MDS and SLActive-like surfaces. 
Left, MDS sample and right, SLActive-like surface.  Top, topographical image, middle, height 
profile along the x-axis and bottom is the height profile along y-axis.  
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The findings of this study revealed that there was no significant difference 
between Ra and Rq for SLActive-like and MDS surfaces.  Both surface treatments 
exhibited higher roughness parameters than Zr-M surface.  SLActive-like surface 
exhibited significantly higher mean peak height which can be caused by the large-grit 
sandblasting.  Conversely, MDS surface exhibited deeper valleys which can be 
attributed to material removal as a result of acid attack between the irregularities 
initially created by the roughened mould.  These valleys could be progenitors for 
critical flaws that may contribute to material failure. However, it is worthwhile to 
mention that all mechanical studies in Chapter 2 were conducted on zirconia samples 
that received similar MDS treatment.  The increase of surface area in MDS and 
SLActive-like surfaces was comparable whilst significantly higher in comparison to 
Zr-M surface 
Performing in vitro biological studies on non-flat surfaces such as implants may 
be unfeasible.  Thus, flat discs with standard geometry were used in Section 4.2.5.  
However, it is of great importance that the surface topography and chemistry of the 
experimental are similar to those for implant surface.  Therefore, MDS treated and 
commercially available implants (White Implant Development Corp. The Netherland) 
were studied using SEM, EDS and CLSM and optical profilometry and compared to 
the studied MDS discs.  Both samples demonstrated comparable appearance and 
chemical composition when studied using SEM and EDS (Figure 100).   
Figure 100. Comparative SEM views for implant (A) and disc (B) samples. 
 
226 
Surface roughness parameters obtained for MDS discs and implants using CLSM 
and optical profilometer were highly correlated except with Rv parameter (Table 21, 
Figure 101).  However, this parameter is very variable according to the studied region.  
Overall, these findings may indicate that data obtained from the biological testing can 
be used to make extrapolations regarding the possible effect of surface topography in 
implant-cells interaction in vitro. 
Table 21. Comparison of roughness parameters (µm) of implants versus MDS discs. 
Optical profilometer (OP). 
Sample MDS disc MDS implant 
Parameter CLSM OP CLSM OP 
Ra 2.190667 1.29 2.102 1.21 
Rq 2.936 1.63 2.634 1.42 
Rp 24.916 7.13 25.498 5.95 
Rv 7.15 10.12 11.38 5.56 
  
Figure 101.  Comparative analysis of surface topography of MDS discs and implants. 
Left, MDS discs and right, implants.  Top, 3D reconstructed CLSM topographical image, 
middle, OP topographical map and bottom, height profile along Y axis. 
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The present study demonstrated high wettability of the SLActive-like surface 
(Section 4.2.4).  Such finding was in agreement with other several studies that 
attributed such effect to surface roughness, high surface energy and hydrophilicity of a 
commercially available, similar surface (Rupp et al., 2006).  Additionally, MDS 
surface demonstrated significantly higher wettability as indicated by the low water 
contact angle (θ= 44.43°) when compared to Zr-M (θ=83.62°).  There is a scarce 
amount of studies investigating the water contact angle of zirconia with various surface 
topographies.  A study reported that smooth surface Y-TZP material had θ of 66.4°.  
No quantitative data analysis was provided for surface roughness however (González-
Martín et al., 1999).  Furthermore, surface micro-texturing of MgO stabilised zirconia 
utilising CO2 laser (Ra=0.71 µm) resulted in 50% reduction of contact angle (Hao and 
Lawrence, 2003). 
The contact angle measurements were performed after two seconds of drop 
disposal on the zirconia surface.  The two seconds period was deliberately considered 
as the time required for equilibrium where a stable sessile drop can form and a static or 
equilibrium or Young’s θ can be measured.  However, interpreting such contact angle 
measurement can be misleading as the Young’s equation was hypothesised for flat, 
homogenous and uniform solids and it fails to account for surfaces with irregularities.  
In rough surfaces however, liquid moves to expose fresh surface within the drop in 
order to wet the fresh surfaces of the solid.  The contact angle produced is called a 
dynamic contact angle.  The clearly discernible contact angles formed by expanding of 
the liquid drop is called advancing angle while the smallest angle formed by 
contraction of the liquid drop is called the receding angle.  The difference between the 
two angles is known as contact angle hysteresis, which is essentially a reflection of the 
effect of surface roughness on wettability (Hao and Lawrence, 2003, Yuan and Lee, 
2013).  Therefore, the presented measurements may not reflect the actual surface 
wetting characteristics of the studied materials and should be supplemented with 
further dynamic contact angle measurements.  Furthermore, surface free energy was 
not calculated for various surfaces as the used system did not allow the use of different 
liquids as a result of complicated tubing system of the available machine. 
The biofunctional response of HGF and G-292 cells to various implant surfaces 
was investigated in Section 4.2.5.  The used cells were never allowed to overgrow or 
reach 100% confluence state in order to ensure that they are healthy and functional to 
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an optimum level.  Additionally, cells from early passage number were used (passage 
2 and 4) in order to avoid degradation of biological functions such as proliferation and 
differentiation capacities which can be caused by cell ageing or replicative senescence 
phenomenon in serially passaged cells (Hayflick, 1974, Huang et al., 2006). 
HGF and G-292 cells were incubated on the studied implant surfaces using a 
robust tissue culture technique.  Implant surfaces were reproduced on discs with 
standard geometry that fits tightly in the bottom of cell culture well plates.  Such a 
technique ensured localisation of the majority of seeded cells on the surface of interest.  
It also eliminated the possible confounding effects that may originate from growth of 
cells on tissue culture plastic.  This method may be superior to other experimental 
setups used for similar purposes.  For example, hang-drop culture is a technique where 
cells are seeded in small volume of culture medium aiming to maintain the cells on the 
surface utilising surface tension between the cell suspension and implant material.  
Cells are then left to attach for two hours and then culture medium is then added 
(Hempel et al., 2010, Wang et al., 2010).  Such technique may be highly susceptible to 
confounding effect form tissue culture plastic on the cells.  The risk of disturbance of 
cell attachment and functions due to movement of samples in the oversized well plates 
is significantly high.  Moreover, seeding such high number of cells in small volume of 
culture medium may cause significant cell death and retard the growth as a result of 
contact inhibition process. 
The use of HGF from one donor could limit the validity and generalisability of 
the findings of this study.  Additionally, despite the fact that majority of studies use 
osteoblast-like (osteosarcoma) cells, there are still concerns regarding the similarity of 
osteogenic features among primary osteoblasts and osteosarcoma cells in vitro (Meyer 
et al., 2005).  
The effects of direct contact of the three different implant surfaces on 
proliferation, viability and differentiation of HGF and G-292 cells was investigated.  
As reported in Section 4.2.5.2, MDS surface exhibited significantly higher pro-
proliferative characteristics when compared to smoother Zr-M or SLActive-like 
surfaces.  This effect was more pronounced on G-292 cells and at incubation periods 
for 24 hours and 1 week.  These findings may indicate that the roughened (MDS) 
zirconia surface can stimulate growth and proliferation of fibroblasts and osteoblasts 
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immediately after implantation which in turn, can accelerate bone and soft tissue 
healing around this particular implant material.  Additionally, such an effect is of a 
great clinical relevance where currently there is an increased patient demand to provide 
immediate provisional restorations and reduce the time required for healing before 
provision of permanent implant supported prosthesis.   
Flow cytometry was used in the present study to compare the biocompatibility of 
various implant surfaces (Section 4.2.5.3).  In this technique, quantification of viable 
cells is performed by exclusion of dead or dying cells.  Flow cytometry may be 
considered superior to other commonly used counterparts such as tryban blue 
exclusion or Methylthiazol Tetrazolium (MTT) assays.  This is attributed to the 
former’s ability to differentiate between and quantify cells that died due to apoptosis 
(PI and Annexin V positive) or necrosis (PI positive).  Additionally, flow cytometry 
allows the quantification of cells undergoing apoptosis at the time of investigation 
(Annexin V positive).  However, it is worthwhile to mention that the percentage of 
necrosis given by such assay may be not correlated to the material’s cytotoxic effect.  
Rather, it may be as a result of cell rupture caused by shear forces during pipetting.  
Every attempt was made during the processing of samples not to over-pipette cells and 
such effect can be considered consistent across all groups.  
The current study demonstrated high biocompatibility of the three studied 
implant surfaces.  HGF exhibited comparable viability percentage when cultured on 
all studied implant surfaces as well as tissue culture plastic for 24 hours.  However, the 
percentage of cells that died by necrosis was significantly lower in MDS group in 
comparison to SLActive-like.  Similar viability findings applied to G-292 cells at the 
same incubation period.  However, the percentage of cells undergoing apoptosis was 
significantly higher in SLActive-like group when compared MDS group.  Furthermore, 
MDS surface exhibited marginally higher biocompatible effect on HGF when cultured 
for longer periods (3 weeks) in comparison to SLActive-like surface.  The latter 
surface induced significantly higher degree of apoptosis on HGFs when compared to 
MDS or Zr-M.  Such long-term differences were less perceptible with G-292 cells. 
Surface topography, wettability, energy and chemical composition have been 
identified among the major modulators of fibroblast and osteoblast function in vitro 
and in vivo.  However, there seem to be a significant amount of contradictions 
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regarding the role of surface topography in fibroblast and osteoblast functions.  This 
issue is a direct result of the lack of comprehensive understanding of the exact 
molecular basis of cell-implant material interaction.  Additionally, it is very difficult to 
compare findings from various studies due to; (1) the poor correlation between the 
different surface roughness quantification methods, (2)  different cell types and 
characteristics and (3) the use of different techniques to determine material’s effect on 
viability and proliferation.  The findings of the current study were in agreement of 
several others which reported that roughened zirconia surfaces increased osteoblast or 
osteoblast-like cell proliferation in comparison to smooth zirconia or roughened 
titanium.  Nanoporous zirconia surfaces prepared by selective acid etching technique 
significantly induced proliferation of osteoblasts in comparison to polished zirconia 
and titanium.  The cell counts were higher for the roughened zirconia in this study 
when compared to SLA
®
 but the difference did not reach the statistical significance 
level (Aboushelib et al., 2013a).  In another study, an acid-etched zirconia implant 
surface was compared to an acid-etched titanium surface. The former demonstrated 
higher proliferation capacity of primary osteoblasts when compared to titanium 
counterpart (Depprich et al., 2008).  Sandblasted and acid-etched zirconia surfaces 
exhibited significantly higher pro-proliferative effect on osteoblast-like cells in 
comparison to SLA
®
 titanium surface after 3 days incubation period (Bächle et al., 
2007).  Conversely, our findings were in disagreement with those reported by Kohal et 
al. (2013) who reported that a minimally rough zirconia surface (Ra=0.94 µm) induced 
higher osteoblast proliferation rate than rougher titanium counterpart (Kohal et al., 
2013).  Similarly, roughened titanium and zirconia surfaces impaired human foetal 
osteoblasts proliferation at early phases after seeding (Setzer et al., 2009).  
With regards to fibroblasts, the effect of surface roughness on cell proliferation is 
rather less predictable.  A study identified that smooth zirconia surfaces significantly 
stimulated fibroblast proliferation when compared to rough zirconia, rough and smooth 
titanium surfaces (Yamano et al., 2010).  Conversely, modified zirconia surface by 
means of micro-grooves increased proliferation rate of human gingival fibroblasts 
when compared to smooth zirconia (Pae et al., 2009).  Unpolished zirconia surfaces 
stimulated higher proliferation than acid-etched or sandblasted titanium surfaces but 
the difference did not reach the significance level (PeŠŠková et al., 2007).  However, 
no comments could be found regarding the surface topography of the used zirconia 
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surface.  Another study reported highest fibroblast proliferation on sandblasted 
zirconia followed by machined zirconia, SLA
®
 titanium and machined titanium, in 
order.  No statistical analysis has been provided in the study, however (Payer et al., 
2010) 
Studying the effect of implant surface topography on osseointegration process 
can be investigated by biofunctional response of cells at the genetic level as in Section 
4.2.4.5.  The current study investigated the effect of various implant surfaces on the 
expression profile of genes regulating osteoblast metabolism and mineralisation.  The 
early transcription factors that play a major role in osteoblast function and 
differentiation RUNX-2 and BMP-2 were highly upregulated with the MDS implant 
surface when compared to rough SLActive-like and smoother Zr-M surfaces after 24 
hours incubation period.  The early upregulation of RUNX-2 and BMP-2 genes was 
also reported in roughened titanium and zirconia surfaces in comparison to smooth 
counterparts (Setzer et al., 2009).  The induction of such transcription factors is an 
indicative of greater proliferation in response to MDS implant surface which highly 
correlates to our findings from proliferation and viability studies (Section 4.2.5.3).   
After prolonged incubation periods (3 weeks), MDS implant surface induced 
greater upregulation of OSCN and ALP which are involved in later stages of 
osteogenesis.  Induction of OSCN was observed after 3 weeks of incubation of human 
fetal osteoblasts on roughened zirconia surface in comparison to roughened and 
smooth titanium as well as smooth zirconia (Setzer et al., 2009).  In contrary, alkaline 
phosphatase activity was higher in smooth zirconia surface after 1 week incubation in 
comparison to roughened titanium surface (Ko et al., 2007).  Additionally, etched 
titanium surfaces induced higher alkaline phosphatase activity in osteoblast-like cells 
after 2 weeks incubation period in comparison to etched and sandblasted zirconia 
(Hempel et al., 2010).  No significant differences were noticed in the expression 
profile of ALP gene was found in fetal human osteoblasts upon incubation for three 
days and three weeks (Setzer et al., 2009). 
The changes in expression profile of osteogenic markers with time and when 
cultured on MDS surface was very compatible with the reported osteogenic pathway.  
Studies have shown that BMP-2 regulates osteoblast differentiation via RUNX-2.  The 
process takes place via Atf 6 expression that is mediated by RUNX-2.  Atf 6 in turn, 
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was found to increase ALP and OSCN expression by directly binding to OSCN 
promoter gene.  Additionally, it has been reported that OSCN upregulation is 
accompanied by downregulation of RUNX-2 and BMP-2 (Jang et al., 2012).  This 
particular change in the expression profile was clearly evident especially at three 
weeks incubation period where highest expression of OSCN with simultaneous 
downregulation of BMP-2 and RUNX-2 was noticed.  
The development of anchorage apparatus for cell attachment and adhesion is the 
hallmark of initiation of cell–implant surface interaction and can be used to assess the 
biofunctional response of fibroblasts to the implant material (Grinnell, 1978, Setzer et 
al., 2009).  The present study investigated changes in expression profile of genes 
encoding for proteins and protein subunits involved in cell attachment and adhesion to 
the implant material.  The findings indicated notable upregulation of genes encoding 
for components involved in connective tissue attachment was detected for the MDS or 
Zr-M groups.  After 1 week incubation period, MDS demonstrated the highest 
expression of VCN, COlA1, FN1 and ITGA-2.   
Similar observations were confirmed in studies investigated this aspect at gene 
and protein levels.  For instance, roughened zirconia surface significantly upregulated 
early expression of ITGA-2 of HGF cells.  Additionally, smooth and roughened 
zirconia surfaces induced the expression of COlA1 in HGF upon incubation for 48 and 
72 hours respectively (Yamano et al., 2010).  Roughened zirconia surfaces resulted in 
higher expression of vinculin protein in fibroblasts when compared to smooth zirconia 
and titanium as well as sandblasted titanium (Nothdurft et al., 2014).  Significant 
increase in the FACs containing fibronectin and vinculin was reported upon coating 
titanium surface with zirconium nitride (Größner-Schreiber et al., 2006).  However, the 




 Chapter 5:  
Clinical Relevance, Conclusions and Future Work 
5.1 Clinical relevance 
Conventional methods of replacing missing teeth always come with what can be 
regarded as a high biological cost in the era of minimally invasive dentistry.  The use 
of dental implants has revolutionised this aspect of dental treatment.  They have been 
utilised widely and successfully for several decades.  The developments of highly 
osseoconductive implant surfaces reduced the time for healing and allowed the 
adoption of immediate replacement and provisionalisation techniques.   
Just recently, the reported high survival rates for cpTi implants have been put in 
question.  Survival, as judged by radiographic bone levels and loss of restoration, did 
not hold valid with the emergence of excessive aesthetic demands by the patients, 
particularly, who received immediate replacement and/or provisionalisation in the 
aesthetic zone.  This has been largely attributed to the high rate of aesthetic 
complications due to labial bone plate resorption and subsequent mucosal soft tissue 
recession.  
In the name of prevention and treatment of such aesthetic complications, dentists 
and patients are continuously exposed to an excessive burden. As far as clinicians are 
concerned, they are obliged to incur the large cost of the armamentarium and training 
required for performing advanced surgical grafting procedures.  Additionally, legal 
liability of dental practices has significantly increased as a result of potential 
complications of such procedures.  This in turn, restricted what is supposed to be a 
standard treatment, to a limited number of clinicians who can afford such burdens.   
On the patient’s side, the standard grafting procedure requires harvesting a large 
soft tissue pedicle from the hard palate.  The morbidity to the donor side may be 
significant as a result of possible iatrogenic damage to the greater palatine 
neurovascular bundle that may result in fatal bleeding.  More frequently, pain and 
discomfort following the procedure are overly troublesome.  Furthermore, the cost of 
the implant treatment increases in order of few thousands of pounds.  If for argument’s 
sake all the complications were put aside, interestingly enough, there is not currently 
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any evidence to suggest that this form of treatment can predictably provide a long-term 
solution for such aesthetically compromised patients. 
The use of tooth-coloured ceramic implants can be regarded as the way forward 
to ameliorate such problems. In the very likely event of mucosal soft tissue 
remodelling/recession, the aesthetic sequalae will be far from perceptible around 
ceramic implants in comparison to their grey, cpTi counterparts (Figure 102). 
Additionally, the use of bioceramics that mediate strong soft tissue attachment 
such as zirconia may maintain stable soft tissue levels despite the inevitable labial bone 
plate resorption.  Thereby, such an approach may negate the need for complex grafting 
procedures, negate the need for advanced surgical skills to perform standard implant 
treatment, reduce overall cost of the treatment and increase patient acceptance.   
Figure 103 demonstrates a clinical case scenario where the studied zirconia 
implant design has been used to immediately replace a poor prognosis central incisor 
tooth.  The implant was restored with an immediate provisional crown.  Optimum soft 
tissue health shortly after surgery can be noticed.  Additionally, five-year follow-up 
assessment reveals significant collapse of labial bone plate and yet, the facial/labial 
soft tissue level was maintained around the implant head. 
Figure 102. Peri-implant mucosal soft tissue remodelling a round various implants in the 
aesthetic zone. 
Left, soft tissue recession around white zirconia implant (→) that caused no concern for the 
patient at 18 months post-op review (Jum’ah et al., 2011).  Right, cervical margin of the 
crown and 2-3 mm of implant head were exposed creating significant aesthetic concern for 





Figure 103. Treatment sequence and outcome of extracted upper left central 
incisor tooth using zirconia dental implant. 
A, Clinical and radiographic demonstration of initial situation of a poor 
prognosis upper left central incisor.  B, Extraction and immediate placement of 
soft tissue level zirconia implant. The thin tissue biotype is evident as the probe 
is showing through soft tissues.  C, Temporary crown immediately after surgery 
(left) and 3 months later.  Healthy and stable soft tissues can be clearly seen in 
this case.  D, Five years follow-up of the same case reveals stable labial tissue 
contours (middle: white arrow) despite significant resorption of labial bone 
plate (left: white line).  Stable interproximal bone levels are demonstrated in 







Research on zirconia dental implants is not a new topic.  Zirconia dental implants 
have been widely used and investigated during the last two decades.  However, this 
study is the first to comprehensively analyse crystallographic, mechanical and 
biological properties of a novel injection-moulded, acid-etched Y-TZP material.  
Additionally, it is the first to investigate the use of a novel hybrid design to overcome 
design-related shortcomings encountered with conventional one- and two-piece 
zirconia dental implant systems.  Our findings from all studies pointed toward 
promising performance of the material and the design.  Moreover, this piece of work 
alleviated, at least partially, concerns over LTD of zirconia implants and its possible 
drastic effects on material integrity and reliability. 
The elements of the larger translational aim of this project seemed to be mostly 
fulfilled.  Our findings can be regarded as a comprehensive pre-clinical validation of 
the proposed design.  As a matter of fact, these findings were used as the basis of the 
report submitted for conformity assessment & rules for CE marking of medical devices 
in European Union.   
In vitro testing demonstrated that the engineered weak connection exhibited a 
protective role against catastrophic failures.  Such an effect was also noticed in a 
clinical case treated using this design.  The patient sustained an impact trauma on the 
anterior area of the mouth where an implant was used to replace a missing central 
incisor tooth.  The damage was confined to the crown which could be easily rectified 
in a clinical setting (Figure 105).  
  
Figure 104. The protective role of the engineered weak link in the implant system. 
Left, successful implant replacing upper right central incisor.  Right, integrity of implant and 
abutment preserved following traumatic injury 14 months post-op. Fractured crown was 
simply remade without any further complications involving the implant or bone. 
(Jum’ah et al., 2012) 
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Beside reduction of aesthetic complications and catastrophic mechanical failures, 
the use of this design may have further advantages clinically.  The design moves the 
connection level to a non-critical, coronal position which is less likely to cause 
marginal bone loss.  Additionally, the prosthesis used to restore the implant is a 
standard single crown restoration rather than an implant-supported prosthesis.  This in 
turn, simplifies the restorative part of the implant treatment, negates the need for 
sophisticated impression techniques and several implant accessories such as 
impression pick-ups and implant analogues.  This in turn, can significantly cut down 
the laboratory cost of the restoration and the overall cost of the treatment. 
Work is currently in progress to further refine and optimise this system for better 
clinical outcomes.  Blood contaminating the surface of the internal connection can be 
detrimental to resin bond strength between abutment and implant.  A resilient, 
polymeric, open-ended tube that snugly fits on the implant head is currently being 
designed.  Such accessory will allow fixation of rubber dam and the use of high 
concentration acetone that allows decontamination of zirconia surface from saliva and 
blood and thereby, enhance bonding capacity.  Additionally, it allows the control 
against seepage of cement below soft tissues during abutment bonding. This is of 
paramount importance to protect against cement-induced high grade inflammatory 
response and ultimate loss of the implant.  Further improvement is being investigated 
by designing a locator abutment that can inserted tightly in the freshly installed 
implant.  Scanning such locator using intra-oral scanner can be utilised to determine 
the 3D, spatial position of the implant and the orientation of the internal connection.  
The generated digital file can be then used to immediately design and manufacture 
anatomic abutments that are ready for bonding using CAD-CAM or 3D printing 
technologies.  
Finally, there are several limitations associated with the proposed design; firstly, 
the least reliable implant diameter is 4 mm, which can be unfeasible to use in several 
cases.  For instance, bone necking associated with developmental agenesis of teeth 
(hypodontia) or cases where roots of adjacent teeth converging in the direction of the 
area of residual space.  Secondly, the application of this design may be limited to cases 
where immediate replacement of extracted teeth is instigated with a pre-requisite that 
the bony socket is completely intact.  This may be important as little if any is known 




The current work investigated the use of injection moulded Y-TZP material as an 
aesthetic, minimally invasive alternative to conventional dental implant materials.  The 
majority of the studies conducted as part of this project were devoted to investigate the 
effects of LTD or ageing phenomenon on the ultrastructure of the material using 
crystallographic and imaging techniques.  The effects of LTD on mechanical 
properties and reliability of the material were also exhaustively studied at the macro, 
micro and nano levels.  The performance of this material when used as part of a novel 
implant-abutment-crown assembly was thoroughly investigated under simulated 
clinical conditions.  The biological properties of the proprietary ‘MDS’ surface used 
with this material were investigated with respect to its biocompatibility, ability to 
promote growth and differentiation of key performers in the osseointegration and 
connective tissue attachment processes namely, osteoblasts and gingival fibroblasts. 
The findings from crystallographic studies (Chapter 2) indicated that the 
simulated LTD using hydrothermal treatment induced localised phase transformation 
that was confined to the most superficial layer of the material.  The resultant 
monoclinic phase attained highest concentration on the shallowest layer of the material 
and decreased exponentially toward the bulk.  The depth of the transformed zone 
increased by less than 0.5 µm as a result of the hydrothermal ageing.  The integrity of 
the bulk of the material (LTD-free) was confirmed using high energy Synchrotron 
radiation.  The direct imaging of the LTD-affected zone indicated that the 
consequences of phase transformation were limited to moderate crystal pull-out and 
loss of homogeneity of grain boundaries with no evidence of microcracking.   
The current study demonstrated significant variation and inconsistency upon 
studying the LTD phenomenon using different techniques or more interestingly, using 
different data analysis methods for data obtained using the same technique.  These 
findings cast doubts on the validity of setting a fixed percentage of monoclinic phase 
as a sole determinant for the fitness for clinical use, as per ISO recommendations for 
testing zirconia implants.  Alternatively, we propose the use of multiple, 
complementary techniques to quantify and profile the monoclinic phase along the 
thickness of the material.  Additionally, the effect of LTD should be directly 
characterised with respect to its effects on the material using imaging and mechanical 
 
239 
techniques to analyse the consequences of the formation of monoclinic phase rather 
than strictly identifying it. 
Investigation of mechanical properties (Chapter 3) of the transformed zone was 
performed.  The findings indicated that the used hydrothermal treatment did not 
adversely affect the studied mechanical properties of the material apart from marginal 
decrease in the hardness of the most superficial layer of the material.  An interesting 
finding was the abrupt, significant increase in hardness and Young’s modulus values 
of the layer of the material intervening between the layer with highest (surface) and 
lowest (bulk) phase transformation in as-received and aged groups.  The injection 
moulding manufacturing technique could be partly responsible for this toughening 
mechanism via the strong texture or preferred orientation of the crystals.  Additionally, 
the presence of low level of phase transformation could induce compressive stresses on 
the crystalline system and induce such a toughening effect.   
The studied material exhibited high mechanical properties that were not 
adversely affected by the hydrothermal treatment.  Static mechanical testing revealed 
that the studied, relevant basic mechanical properties of samples with standard 
geometry were maintained in the aged group.  The material retained high strength and 
hardness reliability in as-received and aged groups.   
The use of the studied material as part of a dental implant system with a novel 
design was investigated.  Dynamic fatigue tests revealed that the proposed design may 
fulfil the requirements for implant reconstructions used in the aesthetic zone.  Samples, 
prepared exactly as to be used in clinical situation, survived extreme, long-term, 
simulated clinical conditions.  Additionally, samples retained high post-fatigue failure 
loads, well above the accepted strength level for anterior reconstructions.  
Furthermore, the potential protective effect of the engineered weak link in the design, 
using of adhesively cemented low strength GFC abutment, was proved to be effective.  
The use of such a design reduced the catastrophic failures involving the implant head 
and introduced notable plastic behaviour in a supposedly rather brittle system.  This 
effect was more pronounced when the assembly was restored with a glass ceramic 
crown restoration.  The failures were confined to the abutment and/or crown which can 
be easily rectified in the clinical situation.   
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The use of a roughened mould and the proprietary acid etching technique 
successfully induced alteration in surface topography of the studied zirconia material 
(Chapter 4).  The surface roughness was very comparable to that of a highly micro-
textured cpTi surface.  The studied material demonstrated a highly biocompatible 
effect on osteoblast-like cells and human gingival fibroblasts.  When compared to a 
‘gold standard’ cpTi surface, the studied zirconia (MDS) surface resulted in higher 
proliferation rates of both cell types at earlier stages of incubation.  There were no 
notable differences on the viability of both cell types however.   
In conclusion, the studied implant material/design may fulfil basic aesthetic, 
mechanical and biological requirements for dental implants placed in the aesthetic 
zone.  The material may exhibit ageing-resistance properties when used in vivo.  The 
studied design may overcome shortcomings with other zirconia dental implant 
systems. The use of this material may negate the need for invasive grafting procedures 
required to prevent or treat aesthetic complications associated with conventional 
titanium based implant materials. 
5.3 Future Work 
5.3.1  Ageing and crystallographic studies 
The fact that this study is the first to investigate a ceramic injection moulded 
Y-TZP implants provides a large scope of future work.  This is particularly relevant 
amid the area of LTD or ageing.  The current findings of this study need further 
verification using different ageing techniques and protocols.  First and foremost, the 
validity of the prediction of LTD utilising standard high temperature and pressure 
treatments should be further verified by calculating the tm activation energy of this 
particular material using T-T-T graphs.  Additionally, prolongation of the treatment 
cycle, using different mediums such as saliva and utilisation of chemical elements in 
the ageing treatments such as acidic or alkaline compounds may provide better 
understanding to the material’s susceptibility to LTD. 
Estimating LTD of this material under low temperature and a pressure-free 
environment may be urgently needed especially in the light of new studies that cast 
doubts on the true representation of intermediate temperature ageing techniques of the 
in vivo situation.  Prolonged soaking of zirconia samples at 37 °C in blood, serum or 
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saliva followed by through assessment of LTD and its effects on the material should be 
instigated.  In vivo LTD studies should be performed on implanted material in animals’ 
jaws. 
The virtue of using complimentary techniques that detect and quantify tm as 
well as the effects of this process on the material was highly emphasised in this piece 
of work.  There remains the option of utilising further advanced crystallographic 
techniques such as AFM, Ct-XRD and in situ EBSD-SEM on FIB prepared samples.  
This is highly important in order to accurately map the areas that sustain tm and 
further examine the morphological changes associated with such process.  
Furthermore, depth analysis of tm using the GIAXRD technique utilised in this 
project may need further corroboration using other techniques such as high energy 
neutron diffraction and high energy Raman Spectroscopy.  Lastly, comparison of LTD 
rates for this particular material and other zirconia materials manufactured using 
different techniques should be investigated to determine vital differences, if any, and 
rectify possible shortcomings. 
5.3.2 System’s reliability and performance   
The current piece of work comprehensively investigated the basic mechanical 
properties of the studied Y-TZP material.  However, impact strength, fracture 
toughness, scratch resistance and rotational fracture strength resistance may be among 
the other important mechanical properties to visit.  Additionally, edge fracture strength 
can be further verified in both as-received and aged groups using different testing 
setups to ensure that the obtained findings in the current work are not merely due to the 
use of a static edge fracture strength test. 
Dynamic fatigue testing was carried out at high loads and frequency.  It may be 
worthwhile repeating this test using lower loads and a very low frequency in order to 
account for the time-dependent water assisted crack growth and improve the test’s 
representation of clinical conditions.  Thermocycling during the dynamic fatigue test 
may also be beneficial for the same latter reason.  The use of different abutment and 
crown materials may be advisable in order to identify the best material combination 
that serves the ethos of engineered weak link and the concept of retrievable failures.   
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From the clinical point of view, testing resin nano-ceramic composites such as 
Lava
TM
 Ultimate and Vita Enamic
®
 or high density biocompatible polymers such as 
PEEK is of great importance.  These may potentially outperform the currently used 
GFC (Triflor
®
) as an abutment material owing to their ease of manufacture (chair-side 
custom-design and milling ability), high strength and plasticity and good bond strength 
with various resin luting cements.  Similarly, micro-tensile and shear bond strength as 
well as abutment pull-out strength studies can be performed using various 
commercially available cements.  This is particularly important to identify the most 
appropriate candidate that ensures long-term durability and at the same time, maintain 
the system’s plastic behaviour that fulfils the aim of the engineered weak link and 
retrievable failure concept.  Finite Element Analysis can be a valuable tool to identify 
the most favourable cements/materials combination that ensures optimum stress 
distribution patterns along the implant-abutment-crown assembly. 
Several post-fatigue investigations can be further performed.  For example, 
crown marginal integrity or gap can be compared before and after cyclic loading using 
high magnification imaging techniques such as SEM.  Micro-CT scanning can be 
performed also to detect changes or distortion within the implant-abutment connection 
that could be a result due to micro-movement.  The latter is a very important aspect to 
investigate as micro-movement significantly affects the short- and long-term success 
of soft and hard tissue integration.    
The current study revealed that implant head preparation was a very likely 
initiator for implant head failure.  Preparation led to thinner material between the 
internal connection and the crown margins where all critical cracks propagated and 
caused catastrophic implant head failure.  These findings have been already conveyed 
to the manufacturer with recommendations for rectifying such issues.  The dimensions 
of internal connection have been reduced by 1 mm at the expense of the dimensions of 
the abutment.  We predict no drastic effects on the abutment strength as none of the 
failures involved the abutment. In addition, smaller abutments survived fatigue tests 
when used with 4 mm diameter implants.  Additionally, the need to prepare a finish 
line on the implant head was reduced by introducing a knife-edge bevel on the 
circumference of the implant head in the modified design.  Comparing the initial and 
post-fatigue failure modes and loads of implants with prepared and genuine finish lines 
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may be an important future project.  Appendix G shows a comparative drawing of the 
two designs. 
Work is also in progress to design an implant head with anatomical finish line to 
completely negate the need for implant head preparation.  Furthermore, a reverse 4° 
taper (from head to neck) was also recommended to increase the thickness of attached 
connective tissue.  The survival of those designs needs to be tested.  It would also be 
interesting to compare dynamic fatigue results with titanium implants restored with 
zirconia abutment and all-ceramic crowns.  Zirconia–resin-abutment adhesive bond 
strength tests, abutment pull test, are required to assess performance of re-bonded 
abutments.  
5.3.3 Biological Studies 
The biological studies in Chapter 4 is the least comprehensive one.  The intricate 
process of osseointegration and periointegration coupled with complex host tissue 
response to implanted materials necessitate further rigorous biological studies.  A 
multitude of in vitro tests can be further performed to characterise the biofunctional 
response of the various tissue components to the studied implant material.  Studying 
the effect of the material on undifferentiated mesenchymal cells can be performed.  
This can be achieved by investigating the expression of certain surface markers using 
different techniques such as flow cytometry.  qRT-PCR can be repeated using primary 
osteoblasts isolated from healthy human jaw bone.  This can be more relevant to dental 
implant related research.  Additionally, a larger spectrum of genes can be investigated 
that can be more representative of various stages of bone healing and formation.  
Protein adsorption studies using various techniques such as fluorescence emission 
spectroscopy can be vital to improve our understanding of the alleged superior soft 
tissue integration capacity of zirconia.  Furthermore, studying the effect of this 
material on osteoblasts and fibroblasts at protein level is essential to substantiate the 
data from qRT-PCR studies.  This can be performed using quantitative proteomics and 
other qualitative/quantitative techniques such as Western Blot.   
Studying the response of human oral keratinocytes to this material should be 
evaluated.  Additionally, to attain better comparison between the studied material and 
other cpTi implant systems in terms of soft tissue attachment. Our experiments should 
be repeated using smoother titanium surfaces as most of implant systems tend to 
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reduce the surface roughness of the implant part contacting soft tissues.  Furthermore, 
immunohistochemistry studies can be of a great value to assess morphological changes 
at the level of cytoskeleton of cells and thereby cell attachment.  Additionally, such 
studies may demonstrate the scarcity/abundance of FACs by staining and visualising 
their protein building blocks such as fibronectin and vinculin.    
The use of full-thickness tissue engineered human oral mucosal model to assess 
soft tissue response to the studied material is recommended.  It can overcome some of 
the shortcomings associated with the use of standard monolayer tissue culture 
procedures and provide a better insight into the biofunctional response to the implanted 
materials.  However, both techniques fail to simulate the multifaceted in vivo processes 
at the level of bone and soft tissues.  Ultimately, assessment of the osseointegration 
and periointegration capacities of the material should be performed using in vivo 
animal studies.  A multitude of studies can be used for this purpose including; (1) 
assessment of clinical parameters such as mobility and probing depth, (2) histoligical 
assessment of BIC ratio and morphological characteristics of the biologic width, (3) 
immunohistochemical analysis such as ALP staining, detection of inflammatory 
markers and (4) mechanical tests such as removal torque, push-in and pull-out studies. 
It is worthwhile to mention that such studies are currently being conducted by 
our research collaborators overseas.  Finally, long-term randomised controlled trials 
are currently being planned to validate the use of such a design as a replacement or an 
adjunct to conventional cpTi implant systems. 
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syms s t 
%symfun f 









%lin = -0.158 *s + 0.2594 
lin = -0.258 *s + 0.21 
fp = matlabFunction(f); 
gp = matlabFunction(g); 
linp = matlabFunction(lin); 
q=0:0.1:10; 
%dg = matlabFunction(diff(gp,q)) 









Inverse Laplace Transform 
FIT_LIMIT=1e-10 
set style line 1 lt 1 lw 2 pt 3  
set style line 2 lt 8 lw 2 pt 3  
set style line 3 lt 3 lw 2 pt 3  
set style line 4 lt 5 lw 2 pt 3  
set xlabel 'D,z' 















fit f1(x)  'ahmad2.dat' u 1:2 via a1,c1,e1 
#fit f1b(x) 'ahmad2.dat' u 1:2 via a1b,c1b,e1b 
pause -1 
fit f2(x)  'ahmad2.dat' u 1:3 via a2,c2,e2 
#fit f2b(x) 'ahmad2.dat' u 1:3 via a2b,c2b,e2b 
set xrange [0 to 10] 
#set yrange [0 to 0.3] 
p 'ahmad2.dat' u 1:2 lt -1 lw 2 ps 2 ti '', '' u 1:3 lt -1 lw 2 ps 2 ti '', f1(x) ls 1 ti 
'expo' ,f2(x) ls 3 ti 'expo' 
#p 'ahmad2.dat' u 1:2 lt -1 lw 2 ps 2 ti '', '' u 1:3 lt -1 lw 2 ps 2 ti '', f1(x) ls 1 ti 
'expo' , f1b(x) ls 2 ti 'gauss',f2(x) ls 3 ti 'expo', f2b(x) ls 4 ti 'gauss' 
print 'fitting parameters for set 2 (exponential)' 
print A1(a1),C1(c1),E1(e1) 
#print 'fitting parameters for set 2 (gauss)' 
#print A1(a1b),C1(c1b),E1(e1b) 
print 'fitting parameters for set 3 (exponential)' 
print A2(a2),C2(c2),E2(e2) 
#print 'fitting parameters for set 3 (gaussian)   ' 
#print A2(a2b),C2(c2b),E2(e2b) 
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